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TECHNICAI. NOTE' 3381

HEAT-LOSS CHARACTERISTICS OF HOT-WIRE ANEMOMETERS
AT VARIOUS DENSITIES IN TRANSONIC AND SUPERSONIC FLOW

By W. G. Spangenberg
SUMMARY

An experimental investigation was made of the heat-loss character-
istics of heated fine wires suiteble for use as anemometers in turbulence
regsearch. Speeds ranged from low subsonic to Mach number 1.9. Density
and temperature loading were varied over wide limits, and wire diameters
ranged from 0.00005 to 0.0015 inch. The effects of each of the several
variables on the heat-loss characteristics of both normally oriented and
swept wires were measured. The characteristics were found to depend on
Reynolds number, Mach number, temperature loading, and the ratio of wire
diameter to the molecular mean free path of the sir. Dependence on the
last caused marked departures from King's law, even at low speeds. Mach
number effects were found to be larger in the subsonic than in the super-

sonic range. Temperature-loading effects were found to cause large sensi-_

tivity differences between constant-temperature and constant-current
operation. Possible applications of these instruments, utilizing the
displayed characteristics to measure the contributions of each of the
various fluctuating quantlties contributing to turbulence in compressible
flow, are discussed.

INTRODUCTION

Recent applications of hot-wire anemometers et supersonic speeds
have shown that the hot-wilre promises %0 be a useful 1tool at high speeds
as well as at low speeds. It is too early to prediet whether the hot-
wire in the hands of a competent experimenter will contribute the same
information about turbulence in high-speed flow as i1t has at low speeds.
There is, of course, en urgent need for such information, especially
since the phenomena associated with turbulence are considerably more
complicated in compresslible flow than they are at low speeds.

At low speeds velocity fluctuations and their characteristics are
alone sufficient to define turbulence. At high speeds, by virtue of the

TN



2 NACA TN 3381

fact that compressibility cemnot be neglected, demsities and temperatures -
fluctuate along with the velocity. In high-speed wind tunnels large
amounts of power are expended, and temperature fluctuations may be dis-
proportionately high. These, while not uniquely related to turbulence, -
are agssociated phenomens contributing to the composite’ effect of fluctua-

tions on aerodynamic phenomens, such as transition in boundary layers.

Because of these factors much more is demanded of the hot-wire at high

speeds than at low speeds.

Wy e 0

The hot-wire produces a signal In response to fluctuations only in
proportion to its temperature change. This in turn rests on its thermsl
capacity and changes in its rate of cooling when it is employed as an
anemometer. In order to respond to the high frequencies assoclated with
turbulent fluctuations the thermsal cepacity must be exceedingly low, and
wire diasmeters must therefore be smell. In fact, one of the major prob-
lems is how to mske and operate an instrument with the finest possible
wire.

The purpose of the present Investigetion was to make known the heat-
loss characteristics of fine wires over the wldest possible range of
varlables. The equipment available permitted the Mach number to be varied
from 0.05 to 1.9, the free-stream pressure to be varled from 1/6 atmosphere

to 2% atmospheres, and the stagnation temperature to be varied from 80°

to 130° F. Wire diemeters ranged fram 0.00005 to 0.0015 inch. Most of

the wires were run with their axes perpendicular to the wind. A few were

run at various angles of inclination in order to find the effect of "sweep" ~
on heat-loss characteristics. While these conditions do not cover all that t
are likely to be met in practice, they at least fill in the previously _
existing gap between the subsonic and supersonic regimes. +

»

A thorough coverage of the transonic regime, together with some over-
lap with previous results, has been made to close the wide gap existing
between the well-known low-speed characteristics and certain supersonic
characteristics recently found by Kovdsznsy and TOrmarck (ref. 1) and
Lowell (ref. 2). A systematic investigation of density effects apart
from velocity effects was conducted in view of the fact that the mass-
flow dependence given by King's law (ref. 3) eppears not to have been
checked, even at low speeds. This matter takes on special significance
gt high speeds where density snd veloclty fluctuations may coexist. It
is also a factor in a calibration procedure introduced early into hot-
wire work at supersonic speeds. In the first attempt by the National
Buresu of Standards to measure turbulence at supersonic speeds conducted
by Schubauer and Klebanoff in 1946 in the Aberdeen Bomb Tunnel, wires

were calibrated by varying only the density of the gir. The same pro- . <
cedure was repeated by the same investigators in 1947 when more detailed »
measurements were attempted at Mach number 1.9 in the 9-inch supersonic

tunnel of the Natlonal Advisory Committee for Aeronsutics at Langley x
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Field. These results were not published becsasuse of the lack of informa-
tion on heat-loss characteristics needed to interpret the observations.
This early work did, however, demonstrate that the hot-wire had possi-
bilities and emphasized the desirability of such detalled studiek as
have since been carried out here and in other laboratories.

This investigation was conducted at NBS under the sponsorship and
with the financial asslstance of the NACA. The author wishes to acknowl-
edge the active guldance and assistance given by Dr. G. B. Schubauer
throughout this investigation. Acknowledgment is also extended to Messrs.
J. B. Kelly and K. Tidstrom who assisted in carrying out the experimental
program and did mich of the detalled processing of data.

SYMBOIS

a, b constants

c specific heat at constant pressure

diameter, cm
" heat loss from wi.e

resistence ratio based on measured values, AR/R,

a
H
hy
h, ideal resistance ratio if wire had been infinitely long
i current, smps
K thermal conductivity of wire material
k thermal conductivity of air
1 length, cm

resistance, ohms

R
AR increase in wire resistance caused by AT
T tempersture, °K

AT

temperature difference, T - Tr

% temperature, °C
v velocity, cm/sec

M Mach number
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Nu Nusselt number B
Nu, Nusselt number as measured without wire end-loss corrections L-
Nu Nusselt number with wire end-loss corrections spplied F'
Pr : Prandtl number

Re Reynolds number

o first-order resistivity coefficient

B second-~order resistivity coefficient

¥ ratio of specific heats

A difference

e angle measured from stream. axlis, deg

A molecular mean free path, cm

B viscosity, poises _ S —

o) density, gnﬁmﬁ

¢ = hp/b, -

Subscripts: {

>

o at 0° C )
1,2,3...n - various temperature loadings
8 average or mean condition; in particular, average between

free-stream temperature and that behind s normsl shock
m measured velue without correction for end losses
r recovery, refers to temperature indicated by unheated

wire lmmersged in free stream
8 stegnation
w wire .

ﬂ

11 computed condition behind normsl shock
o based on infinitely long wire =

If no subscript, free-streem conditions.
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TEST APPARATUS AND CALIBRATTIONS

Tunnel

The tunnel used for these tests is shown diasgrammstically in flgure 1
and by the photograph of the test section with wire probe in place in
figure 2. The tunnel is of the continuously operating, variable-density
type, with a 3- by hk-inch test section. The compressor is driven through
step-up gearing with a LOO-horsepower induction motor. The stagnation

pressure may be varied from %-atmosphere to 2%-atmospheres, and the

stagnation temperature can be regulated at all speeds and pressures
from about 80° to 140° F.

The particular nozzle blocks used for the supersonic data were
designed for M = 1.99, and parsllel blocks of short test section %o
stabilize the flow near sonic speed (spread slightly to compensate for
boundary-layer growth) were used for most of the subsonic 8ata. Same
subsonic data were, however, run in the throat of the supersonic nozzle
blocks.. -

The subsonic speeds were obtained by & combination of throttling
and bypassing the entire tunnel. These speeds were set by means of a
reference pressure taken from g wall orifice. These pressure readings
were related to the static pressures at the wire position by direct
calibration, using & statlc-pressure tube with e sharp conical tip.
Different supersonic speeds were obtained by using various stations on
the tunnel axis in the expanding section between the throat and msximmm
section of the supersonic nozzle. The Mach numbers at the various sta-
tlons were predetermined with the aid of the speciel conical-tipped
static-pressure probe shown in figure 3.

The celibrations showed that the Mach number variation along the
stream center line was s function of the free-stream density. This was
apparently caused by a shift of the effective throat location as the
boundary-layer thickness changed with density. Separate calibrations
were therefore made for each free-gtream density. The axial calibration
of the supersonic nozzle blocks for a free-stream density of 0.0006 gram
per cubic centimeter is shown in figure L.

The wires were run in the blocks designed for M = 1.99 %o a speed
of only M = 1.90 because a shock wave originating on the nozzle walls
caused a disturbance at about M = 1.92, resulting in a slight discon-
tinuity in the axiel Mach number distribution. The condition of the flow
in the expanding section of the nozzle where the measurements were made
is shown in the schlieren photograph of the flow in the test section with
the wire probe in place (fig. 5).
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Experimental Requirements

King's formula, which for many years has been used to express the ‘ T
forced convectlive heat loss from fine wires with axes normal to the wind, F

is usually written in the form *

H = AT (ak + b|fkcppva) , (1)

where a and b are constants which are usually determined by experi-
ment. In terms of electrical quantities,

q=12R : .
and
or= R L L
OCI,

At low speeds where V is usually the only independent variable, it is
customary, for a particular instrument, to express relation (1) in the
form of a linear callbration curve obtalned by plotting 123/53
against V.

When there are more variables involved, it is desirable to express
relation (1) in the following nondimensional form

H = & 4 _Eﬁ (2) !‘P
K LKAT TR 4
+
or, in terms of the symbols for dimensionless quantities, -
Nu = a + byfRe /Pr (3)

The form of equation (3) suggests that Nusselt number depends only
on Reynolds number and Prandtl number. However, in compressible flow
Mach number must be recognized as an additionsl flow parameter. Hence a
more complete expression, written in functionsl form, is

Nu = £ (Re, Pr, M) (4)

Relation (4) includes all of the dimensionless parameters that may
be anticipated in advance and around which an experimental program would s
be planned in the absence of additional information. It was known from
the work of Kovééznay and Tormerck (ref. 1) that H is not exactly
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known as a "temperatiure-loading effect.” Thus there is a AT parameter,
usually expressed as AT/T_, in addition to those in relation (L),
requiring some attention.

With regerd to the importance of the parameters, it was known that
the Prandtl number changes but little within the range of conditions
obtainable in the tunnel. There was evidence from reference 1 that little
dependence on Mach number was to be expected in the supersonic range.
Hence the investigstion was begun with the agsumption that Reynolds number
was probsbly the important parameter, with the implication that density,
velocity, and wire diameter were equivalent physical variables. It soon
became evident, however, that density and velocity changes affected the
heat loss from the wires in different ways, particularly in subsonic
flow. This indicated the presence of a Mach number effect that strangely
persisted into the very low subsonic region where compressibility effects
were expected to disgppear.

Based on these preliminsry observations the experliment was designed
to vary the free-stream density and velocity and the wire dismeter inde-
pendently over the widest possible range so that the role of each in
heat loss could be evalusted. The limitations of the equipment did not
permit the velocity to0 be varied independently of the free-stream temper-
ature; hence the effects of Mach number, free-stream viscoslty, and con-
ductivity could not be evaluated independently of velocity. To reduce
the number of variables, all date were run at a constant stagnation
temperature. .

The values of free-stream demnsity, Mach number, viscosity, and con-
duetivity were computed for supersonic flow from the messured stagnetion
pressure and temperature, assuming isentropic expansion, and for subsonic
flow from stagnation pressure, pressure differential between stagnation and
test-section conditions, and stagnatlon tempersture.

The pressures and pressure differentisls were measured with either
vertical or inclined manometers, depending upon their megnitude, and
temperature was measured with a mercury-in-glass thermometer with 0.2° C
graduations. Wire lengths were measured to the nearest 0.01 millimeter
with a traveling mlicroscope. No accurate means were availegble to measure
wire diasmeters directly because they ranged in size down to gbout 2 wave
lengths of yellow light. The manufacturer's stated diameters were used
in the cglculations.

The evaluation of the heat loss from wires required the accurate
measurement of wire resistance and current. The unheated resistance was
found by using = bridge current sufficiently smsell to avoid heating the
wire significantly. The temperature rise AT of the heated wire was
determined from the resigtance change and the temperature coefficient
of the metal.
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$7'.
The electrical circult used to make the current and resistance meas- ‘

urements was of the conventional type commonly used in hot-wire work. A .

Wheatstone bridge was used for the resistance determinaetions and a direct-

current potentiometer was used to measure the voltege drop across a stand-

ard resistor in the bridge clrcuit for the current determinstions. The

schematic diagram is shown in figure 6. A sensitive galvanometer

Electrical Instruments

and potentiometer. Since the wires tested were of such a wide range of
resistance and their heating currents varied so widely

(0.7 om< R < 850 ohms and 0.004 empere < i < 1.4 amperes), the stand-
ard resistors were changed in the bridge from time to time to accommodate
the particular wire being tested. Resistances and currents were read to
four significant figures for all wires, resulting in reading accuracies
ranging from 0.1 to 0.0l percent. To obtalin sufficiently small bridge
current when unheated resistance determinations were being made, a vari-
able resistance of the order of 16,000 ohms was introduced. This resis-
tance was increased until no evidence of heating could be detected with
the wire in still slr. Sufficient bridge sensitivity remained after this
adjustment to detect resistance differences in the fourth significant
figure with certainty.
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Probe Design and Wires --

Several designs of hot-wire probes were tried, renging from machined z
steel wedges for supporting the prongs to varlous plastics. The design ST
finally adopted for the tests was of the form shown in figure 7. This i
consisted of honed sewing needles 0.018 inch in diameter butt brazed to
electrical leads embedded in hard rubber. This type of probe was used
because of its ease of fabrication. The spacing of the needles was
usually selected to accommodate a wire sbout 3 millimeters long to mini-
mize the end-loss correction. Holders of this design were sufficlently
rigid to withstand the stresses and vibrational forces encountered while
running in the transonic-speed region and during the passage of the shock B
wave while starting and stopping the tunnel. These holders were held by =
a chuek attached to a three-directional traversing shaft extending for-
ward into the test section from s diamond-shaped strut farther dowvmstream.

The wire materials used were platinum, tungsten, and an aslloy of
platinum with 10 percent rhodium with diameters ranging from 0.00005 to
0.0015 inch. The largest slze was about five times the diameter normally
used for turbulence measurements. The larger sizes were introduced at
a later stage of the investigation to extend the range of dliameter after )
it became apparent that the smeller diameters were showing a large influ- 4
ence of-the slip-flow regime. For example, air at a pressure of 760 milli-
meters of mercury and 15° C has a molecular mean free path of about 3
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2.5 x 1076 inch. The smallest wire (0.00005-inch diameter) was only
gbout 5 molecular mean free paths in diameter when operated at s free-
atream density of l/l(- atmosphere, and the largest commonly used for
turbulence measurements (0.0003-inch diameter) was only about 30 mean
free paths in diameter at the ssme density. At a free-stream density

corresponding to 232; atmospheres this figure reaches 300, which is in the

boundary between continuum and sllp fiow. The 0.0015-inch diameter made
it possible to enter the continuum condition.

The values of the temperature coefficient of resistance of samples
of each of the several wires used were predetermined with the aid of an
electric furnace and a callibrated thermocouple for measuring temperature.
It was found that the resistance of none of the wires followed a strictly
linear relatlonship with temperature and also that the value of the
resigtance coefficient varied from sample to sample. To correct for the
slight deviation of the resistance-temperature relationship from a straight
line the experimental determinations were fitted to a curve of the type

R = Ro(l + ot + Btz) (5)

The values for o and B wused in the computations are shown in
table I, along with the handbook value of the unit resistivity for the
various wire materlials. Since the sensitivity of a given wire in terms
of voltage signel produced by a fluctuation in rete of cooling is given
approximately by mqﬁo‘ s 1t 18 advantsgeous to have o and resistivity
as high as possible. Tt will be noted from a comparlson of the proper-
ties of the several materials that platinum is the superior materisl in
this respect and that tungsten and platinum-rhodium alloy follow in that
order.

The data from which the temperature coefficients were derived are
shown plotted in figure 8. These curves are representative of several
samples of each kind of wilre tested. To show the variation for semples
from the seme spool, figure 8 also includes the temperature-resistance
relationship for two presumably identical semples of the 0.0003-inch-
diameter platinum wire,

In the case of the plstinum-alloy wires contalning 10 percent rhodium
it was found that Ry, a, B, and consequently R would all change

depending on the highest temperature to which the sample was subjected in
the oven. This phenomenon ls illustrated by the resistance-temperature
curve of figure 9, which shows that when starting with a cold wire as
received, an o of gbout 0.001% is indicated up to a temperature of about
450° to 500o C, at which point the resistance increases at an abnormally
high rate with temperature change and continues to 4o so until the maxi-
mm temperature is attained in the oven. Readings taken as the oven
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cooled showed higher vdlues for both o and Ry than originally indi-

cated. The magnitude of the change in all samples tested was dependent
upon the highest oven temperature reached. The anneeling of the wires
therefore became of paramount importance. It was found by successive
trials that, if the larger wires (0.0001- and 0.00015-inch diameter) were
preheated electrically so that thelr heated resistances were about 2.05
times their resistances at room temperature and then the current was grad-
ually increased over a period ranging from 3 to 5 minutes to increase the
resistance to about 2.3 times the original cold resgistance, the values of
Ry, o, and B would become stabilized up to a furnace temperature of

700° to 750° C. This exact annealing procedure was adopted for all wires
of this alloy. Departure from thls procedure resulted in unstable wires
at the higher temperature loadings and & permanent increase in Ry each

time these temperstures were reached. Too rapid an increase of resilstance
ratio fram 2.05 to 2.3 caused them to burn off. High-temperature loadings
of the 0.00005-inch-diameter alloy wire could not be attained becauyse of
an gpparent lack of uniformity along the wire. Observation during the
preliminary annesling showed locallzed heating over lengths of about 0.1
to 0.2 millimeter spaced at 1- to 3-millimeter distances along the wire,
with resultant destruction of the wires 1f they were heated electrically
to an average resistance corresponding to a temperature above 400° to

450° ¢. These wires were therefore not annealed but were heated electri-
cally to the maximum resistance anticipated while under close observation
under a microscope to detect localized heating indlcated by red glowing in
spots along the wire. Those showing such nonuniformity were discarded.
Since these wires were not annealed at the seme high temperatures as the
larger wires, the value of the temperature coefficlent was much lower. No
great change was noted in the form of the temperature-resistance curve for
wires of platinum end tungsten with the oven temperature attained, which
was about 400° C for the tungsten and 750° C for the platinum.

In all tests the identlcal wire was used for all the data shown
unless otherwise noted. It was found that the variation in Nusselt num-
ber obtained with samples of wire from the same spool was as great as the
varistion obtalned with wires of different materials; that is, two samples
from the same spool of tungsten wire may have as grest a difference in
heat loss as samples of the same diameter of tungsten and platinum. From
this observation it was verified thet individual wires need individual
calibrations. No general calibration will describe all samples.

Most of the wires were run with thelr axes normal to the wind. Some
wires with their axes at an angle to the stream were, however, included.
In the initial stages of the investigation it was found that wires normal
to the wind would not withstand the wind loadings to which they were sub-
Jected if they were applied too taut on the needles. Computations showed
that if a catenary shape (uniformly loaded cable) was assumed for the wire,
a sag of from 0.2 to 0.3 millimeter was necessary in a 3-millimeter length
to keep the unit stress to a resonable value. All normally oriented wires

?o
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were therefore applied so that when loaded they had a sag of sbout this
magnitude. The sag of course depended on the length of the wire, becoming
almost imperceptible for wires 1 millimeter in length. The wires placed
slantwise to the wind were run tsut because of the reduced wind loading
resulting from their smaller projected area. In addition to this struc-
tural detall, great care was taken in starting and stopping the tunnel
because of the violent action of the shock wave passing over the wire.
This action did not adversely affect the stronger wires when the stagna-
tion density was atmospheric or below. For wires of less than 0.00015-inch
diemeter, the tunnel was evacuasted to sbout 1/2-atmosphere stagnation
pressure for the starting and stopping operation. No particular precau-
tion was teken with the angled wires.

The question of "strain-gege effect" (an increase in resistance with
wind loading) was also investigated. It was observed that when the wires
were gtressed by wind loading to such a point that any stralin-gage effect
was obsgerved they either failed in tension or they were so stretched that
a permanent incresse was shown in thelr cold resistance. During these
tests no wire withstood a wind loading sufficient to show strain-gage
effect without permanent distortion.

The presence of dirt or dust in the tunnel caused numerous wire fall~
ures. Even the dust entering from the room when the test section was
opened for an sppreciable time would csuse trouble. DPrecsutions were
therefore taken to prevent any dust from entering the tunnel, first by
successive filtering of all alr which was added to the tunnel amd second
by leaving the test section open only long enough to change the instru-
ments. With these precautions the wires could be run over a period of
weeks without failure. For example, two wires were each run over a
period covering about 2 weeks at speeds up to M = 1.05, after which
they were removed from the tunnel and stored in a dessicator for several
months and then replaced in the tunnel and run for another week at super-
sonic speeds. Only a slight change in cold resistance (sbout 2 percent)
occurred over this period. One of these wires was tungsten loaded to a
mesn temperature in excess of 400° C, and the other was 0.0003-inch-
diameter platinum.

It was further found that the tensile strength of the platinum and
platinmm-rhodium-alioy wires decreased so rapidly with temperature
loading that the maximum temperature had to be limited in order for them
to withstand the higher wind speeds. The highest average temperature to
which the wires could be loaded was also a function of the wire length
and wire dismeter. Since the temperature at the center of a short wire
18 greater than that for a long wire at the same mean temperature, the
short wires could not be loaded to the same mesn temperatures without
failure due to loss of strength. The maximm average temperstures and
wind loads to which the various wires were subjected are shown in
table IT. The maximum dynamic pressure attalnable in the tunnel was
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887 grams per square centimeter which occurred at a Mach number of 1.25
with a free-stream density of 0.0012 gram per cubic centimeter. Those
wires loaded to this value may have withstood even greater wind loadings.

In the case of the tungsten wire, failure due to loss of strength
with temperature was not a factor. If these wires are heated much sbove
these maximm values observed, rapld deterioration due to oxidation of
the wires results, causing a large increase in the cold resistance. Datea
concerning the oxidstion of tungsten wires at the higher temperature
loadings are included in reference 2. No deterioration attributable to
oxldation was observed in any of the samples of platinum or pletinum-alloy
wlre containing 10 percent rhodium tested.

All the platinum and platinum-rhodium-alloy wires were attached to
the probes with soft solder, with the exception of the 0.0015-inch-
dismeter platinum wire. At the maximum temperature loading for this wire,
the heat loss to the needles was sufficient to melt the soft solger..

This wire was therefore electric-arc welded to the probe.

Various methods of attaching tungsten wires to the probes were tried.
Some samples were copper plated at the ends and soft soldered as described
in reference 4. A "strike" nickel plating was applied to the ends of
others to permit soldering to the prongs. The results from nickel plating
compared favorably with those from the copper plating. The method of
attachment found the most suitable for producing stable and strong connec-
tions wes a simple electric-arc welding technique, which 1s 1llustrated
schematically in figure 10. The process consists of spplying the wire at
the point of the needle, then striking it with the electrode. Welding
electrodes of varlous diameters and of different materials were tried,
including copper, platinum, iron, and silver. The silver or copper elec-
trodes of small diameter (0.005 inch) proved the most satisfactory. Since
the wires were gpplied mesnually, expert manipulatlion of the electrode was
essential. No flux was used for the process. Microscoplc exsmination of
the welds showed that material had been transferred from the electrode %o
the needle to embed the wire. These welded wires were exceptionslly stable
over long periods. The wires were not annealed after welding, and there
was some indicatlion of embrittlement of the 0.00015-inch-diameter wire
near the welded ends. Furnace annealing in an inert atmosphere mey prove
beneficial to eliminate possible embrittlement.

Test Procedure

The preparation of a wire ssmple consisted of mounting it on s holder
like that shown in figure T, annealing it (if not tungsten), and then
exposing it to extreme wind loading at maximum temperature loading. The
last of these produced msny wire casusltles and was done dellberately to
eliminate defective wires before effort was expended on detgiled
megsurements.

e,
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The temperature loading AT and stagnation temperature to be main-
tained during & run were adjusted with the tunnel in operation with air
dried to a dew point below about -30o F. It will be noted that a constant
AR was maintained on the wires which corresponded to a nearly constant
temperature-loading operation rather than constant-tempersture operation.
In this case the wire temperature decreased with increasing Mach number
because of the decrease of T, as shown in figure 11. The stagnation
temperature was usually 30° C and was held constant to 11/2° ¢ by manual
adjustment of the tunnel cooling water. For selected free-stream densi-
ties, series of observations of 1, R, and R, were made at the various-
wire positions in the supersonic nozzle corresponding to the fixed Mach
numbers determined by the static-pressure calibration of the nozzle. The
stagnation pressure was asdjusted to keep the free-stream density the same
at each position. Since the stream temperature varied with Mach number,
its value was computed, assuming isentropic expansion with 7 = 1.k, in
order to ascertain the values of p and k <for the free strean.

While it was possible to pass nearly continuously to subsonic speeds
with the supersonic nozzle by moving the wire upstream through the throat,
this was not attempted. All the subsonic work was done elther with sub-
sonic nozzle blocks or in the throast of the supersonic nozzle. The sub-
sonic speeds were varied by throttling the tunnel.

End-Loss Corrections

In all cases there exists an unavoidsble flow of heat from a wire to
the supports. The smount lost in this way becomes a larger proportion of
the total as the wire is made shorter or its dismeter is increased. Ordi-
narily this is not objectionsble, but in comparing the performasnce of
wires of different dlameter it is an extraneous effect tending to confuse
the points at issue. For the present purposes corrections were applied
which removed this effect and ylelded values of Nusselt number corre-
sponding to infinitely long wires.

Since no means were available to obtain the temperature attained by
the supporting needles, the end-loss corrections were based on the
assumption that the needles attained the same temperature in the air
stream as the unheated wire; that is, the temperature-recovery ratio was
the same for both the wire and its support. This alsoc involved the
assumption that the support was not heated by the flow of heat from the
wire. Because of the uncertainty arising from this approximation and
because the end-loss corrections were of such small magnitude, it was
assumed that the linear corrections (assuming heat loss proportional to
temperature difference) as proposed by King (ref. 3) were adequste. The
more complicated nonlinear corrections worked out by Betchov (ref. 5)
were not considered necessary.
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The linear corrections of King were put in a nondimensional form by

Kovasznay and TOrmerck (ref. 1) who proposed the following relationships o
which were used in these computatlons: B N ) S
Nu,/Nuy =F = (o + )/(1+hm) (6) )
The quantity o can be determined from the transcendental equation
¢ =1~ (SA/c) tanh (Vo/S) (7)
in which
8 = (8/1WML + by X/Nugk, ' (8)
and
by = ARfR = AT[a + Bty + tr)] | (9) _

The handbook values of K used in equation (8) were corrected for
the heated wire temperature (ref. 6),

Three graphical determinations were made in the processing of the
data to apply these end-loss corrections. First, S was determined -
from a logarithmic plot of S = f(Nuo) described by equation (8); sec- v
ond, the value of ¢ was read from a graph of the transcendental equa-
tion (7); and, third, the Nusselt number ratic described by equetion (6) ‘
was read from the straight-line function F = f(o). All other computa- ¢
tions were made mumerically. ’ -

The minimum Nusselt number ratios (meximum end-loss corrections)
occurred at the lower temperature loadings snd lower Nusselt numbers. -
The variations of the end-loss corrections with temperature and Nusselt
number are shown graphicelly in figure 12.

In meking the computations, Nu,, was first determined by using the
expregslon

Nug, = 0.2389 12R/xlk AT (10)

where 0.2389 is used to convert watts to calories per second to make

the varlables dimensionally consistent. This quantity Nug,, was neces-
sary for the end-loss corrections as applied. After the measured values
of the Nusselt numbers bssed on free-stream conditions were determined by
multiplying equation (10) by the factor ko/k, the correction factor F ~

was applied to yleld the corrected Nusselt numbers shown in the data ~
presented.
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RESULTS FOR WIRES NORMAL TO WIND

As mentioned in the section entitled "Experimental Requirements,”
1t gppears to be desirable in the face of numerous varisgbles to take
advantage of dimensionless groupings of physical varlsbles. This also
appears to be the best way to generalize hot-wire behavior and show 1n
a broad way the possibllities for applications.

At first hand 1t gppears that the observations should be used to
show the functional relations between the parameters in equation (4).
This in fact will be done, but there is a need for first discovering
whether there are sufficient parameters. Furthermore there is a certain
arbitrariness in connection with the cholce of p and k. For these
reasons the results are presented first in the more elementary form showing
as far as possible the dependence of Nusselt number on the more elementary
variables. These turn out to be the Mach number and density of the stream
and the diemeter of the wire. This will introduce the new, and physically
significant, parameter d/k. Lagter the Reynolds number will be introduced
along with a discussion of the basis for evaluating p and k. Following
this, the effect of temperature loading will be treated.

Since the Prandtl number sppearing in equations (3) and (L) could
not be varied independently, and since it changed relatively little and
only with Mach number under the conditions of the experiment, it was
decided to allow such effects as might be present tc be combined with
effects of Mach number. TFor a fixed stagnation temperature of 30° C
the Prandtl number ranges from O.TEB at zero speed to 0.707 at a Mach
number of 1.9 - a change of about 6 percent.

It did not appeer desirable to eliminate a parsmeter containing vis-
cosity by forming the Peclet number, which results from the product of
Reynolds number and Prandtl number. This of course leads to some dlsad-
vantage in checking a theory such as Tchen's (ref. 7) in which Peclet
number is used. Actuslly Reynolds number is a fair substitute for Peclet
number, except for numerical value.

Temperature Recovery

When a wire is subjected to the impact of a high-speed stream, it
attains a temperature above that of the free stream because of aerodynamic
heating. This 1s termed the recovery tempersture and denoted by Tn. The
recovery temperatures observed for various wire samples are shown together
with other published data in figure 11 in terms of Tr/Tg as a function

of Mach number. No consistent change in T, was observed with d or p,
which implies that T, is independent of Reynolds number. A slight vari-

ation of T, (about 5° C maximm) was observed among the various wire
samples.
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Since it is obvious that the wire can lose heat to the stream only

when heat is added to raise its temperature above T,, the temperature "
loading AT was taken to be Ty - Tr. A reasonable assumption, as indi- .
cated by formula (1), is that the rate of heat loss is directly propor- .

tional to AT. Actuslly thls is not the case, and the departures are
treasted separately in some detail in the section entitled "Effect of
Temperature Loading."

In the plotted curves discussed 1n the next two sectlions all data
are based on the lowest temperature loading at which the wires were tested.
This was a AT of approximately 67° C which corresponds to a temperature-
losding ratio AT/Tg of about 0.22.

Dependence of Heat Loss on Mach Number,
Density, and Wire Diameter

An examination of the data from 211 of the wires tested showed that
of the three principal parsmeters, M, p, and d, the wires responded
differently to changes in M from the way they did to changes In p or d.
This was the case even at low speeds where a dependence on M amounted to
dependencéé on V. The response to change in p, however, was identical
t0 the response to change in @ within the limits of the repeatabllity of
the measurements. These facts made it apparent that the pd product
played a separate role apart from being a constituent of Reynolds number.

The most natural dimensionless parameter deriveble from pd was d/k. .
The conversion involved the assumption, customary in elementary kinetic
theory, that pA could be regarded as constant. Taking 3

=6.32 x 106 centimeter at a density corresponding to 760 millimeters -

of mercury and 15° C (ref. 6), the product becomes 7.748 x 10 -9 gram per
square centimeter.

Tt must be made clear that the parameter d/A was introduced for
physical clarity rather than from necessity. The ratio Re/M might
have been used instead, since this ratioc may be shown to be proportional
to d/k by elementary kinetic theory. It must be pointed out also that
the use of elther quantity in place of pd ~disregerds the change of
collision cross section of the molecule with temperature. The error really
smounts to assuming an ideaslized A rather than the true one. Since d&/A
is given by

a pd |
A 7.748 x 107 ‘_,

it is exactly proportional to pd, end in describing effects the two may
be used interchangesbly. ~
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The dependence of Nu, on M and d/A is shown in figures 13, 1k,

15, and 16. It should be borne in mind that the velocity of sound is so
nearly constant for M < 0.4 that the independent variable here becomes V.
The temperature-loading ratio AT/T; is constant throughout.

Figure 13 shows the variastion of Nu  with Mach number for various
chosen values of d/x and figure 14 shows the same data plotted logarith-
mically. The wire diameters are indicated in the figures. The value of
A 1s based on the denslty of the free stream. From figure 13 1t can be
seen that the slope of the curves is greatest at the low Mach numbers and
decreases with increasing Mach number up to the speed of sound, at which
point the slope increasses abruptly. Complete insensitivity to changes in
M is shown over a comsiderable range for a d/A of 6.5, but as this
parameter increases a greater sensitivity to change in M 1is shown.

The logarithmic plot (fig. 1i4) shows that the Nusselt number is not
a simple function involving a constant power of M in either the sub-
sonic- or supersonic-speed region. The curves show a point of inflection
in the subsonic region and also change from econcave downward to concave
upward et M = 1.0. DPlots using veloclty as the independent varisable,
rather than Mach number, do not alter the basic pleture shown in these

figures.

Figures 15 and 16 show a cross plot of the same data presented in
figures 13 end 1k. These plots show Nu_ as & function of free-stream a/a
with M as curve parameter. Returning now to the interchangeability
of d/N and pd, the curves of figure 15 indicate that as the Mach num-
ber increases the wire becomes more sensitive to changes in density. They
show further that the wires are more sensitive to change in density in the
low density or smell-wlire-dismeter region, ln contrast with the insensi-
tivity to Mach number in the same region.

Since King's law would indicate that the curves of figure 15 would
be a famlly of parsbolas, they are replotted in figure 16 as a function
of the square root of d/m with Mech number as & parameter. This plot
shows that straight lines result for 8ll wires shown. Other wires tested
showed the same characteristics. Only slight varistions exist among the
various lines describing the several wires of different dismeters. These
variations are of the same order of magnitude as those shown from pre-
sumably identical samples of the same wire and so mey be attributed to
sample variation. The slopes of these lines increase with increasing
Mach number as would be expected by King's law; but, contrary to King's
law, their intercepts decrease. This combination of decreasing intercept
with increasing slope results in a nearly common point of intersection for
all subsonic lines and a second nearly common intersecting point for the
lines of constant supersonic Mach numbers. These points of intersection
appear in all cases in the first quadrant, that is, where both Nu,
and 4/ are positive.
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It is noted that, in considering only the subsonic portion of the
curves of figure 14, the slope does not approach 1/2 as lndicated by
King's law. For example, at the lower Mach numbers with a density near
that for atmospheric pressure, the slopes of the lines of figure 14 vary
from 0.3 to 0.4, depending upon the wire diesmeter and density. This
shows that Nusselt number varies at one rate with Mach number and at
snother with density, even at velocitles as low as about 50 feet per
second. This discrepancy continues throughout the entire velocity range

to M = 1.9. In the supersonic region the slopes are approximately unity.

Effect of Reynolds Number

One of the most troublesome features of compressible flow conceriis
the choice of conditions at which the physical properties of the air
surrounding the wire are to be evaluated.

It is to be noted that the flgures dlscussed in the section entitled
"Dependence of Heat Loss on Mach Number, Density, and Wire Diameter show

the measured data when the conductivity factor of the Russelt number is
based on the free-stream temperature. If, rather than free stream, other
conditions had been sssumed for the smblent alr, different characteristics
end sensitivities of the wires to changes in Mach number and density would
have been indicated. Theseé differences will bécome moré obvious in the
present section where the effects of Reynolds number on heat-loss charac-
teristics are to be illustrated

Scme inyestigators'have suggested that the stream properties should
be evalugted at some mean film temperature between the recovery tempera-
ture and hegted-wire temperature, or between the temperature of the heated
wire and the free stream. Any such aversge must be arbitrary because the -
‘temperature field around the wire is tnknown. Trial computations based
upon air properties evaluated at various mean temperatures between those
of the heated wire and the air falled to clarify the test data. No virtue
was exhibited by any manipulation involving the heated-wire temperature.
From these trials it was concluded that at the velocities encountered in
these tests the thermal boundery layer around the wire was so thin that
the viscosity and conductivity of the air within this layer did not con-
trol the heat losses to any great extent.

-Other'possible conditions upon which the,physical properties of the
stream may be evaluated would be either stagnation or free-stream condi-,
tions, or the conditicon -T,. indicated by the wire itself, which lies

between the stagnation and free-gtream temperstures. Of these possible
conditions, the recovery tempereture would exist adjacent to the wire
only in its unheated state. With the wire heated, the gradient causing
heat flow would b€ determined by the difference in temperature between
the heated wire and the free stream. If the inference is correct that
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the thermal layer surrounding the wire is so thin that its conductivity
and viscosity have little influence on the heat loss, only the free-stream
temperature remains as a definitive condition upon which to base the
physical properties of the alr. This reasoning cen be applied only to
subsonic flow. 1In the supersonic regime, a blunt object such as a wire
will create a shock wave behind which the wire will lie. It appears that
the condition of the air in the vicinity of the wire would be about the
same gs that behind a normal shock because that portion of the detached
shock wave immediately in front of the wire is spproximately normsl. If
the physical properties of the air are to be evaluasted at the ambient
conditions outside the thermal layer, it sppears-that in supersonic flow
the condition of the ambient air is that attained by the free stream
after having passed through s normsl shock.

To illustrate these observations the data for one wire have been
plotted using each of the three conditions T, Ts, and Typ to eval-

uate the air properties so that a direct comparison may be made. Fig-
ure 17 shows these data. In these plots Nusselt number is shown as a
function of Reynolds number with M and d&/A as paremeters. It will
be noted that, since the mass flow given by pV 1is & constant for all
cross sections of the stresm, viscosity is the only quantity causing

the Reynolds number to be different for each of the three assumed con-
ditions. Likewise k, the other quantity defining air properties, is

the only factor causing Nusselt number to differ for the three conditions.
In addition to these three separate conditions assumed for the ambient
air, figure 17 also includes a plot basing the air properties on a fourth
condition, to be discussed later, which yields an apparently better cor-
relation of the supersonic data.

In figure 17(a), the conductivity and viscosity are based on free-
stream conditions; figure 17(b) shows the same date based on the esti-
mated amblent conditions at the wire; that is, the subsonic data are
based on free-stream conditions, and the supersonic data are based on the
condition behind & normal shock; and in figure lT(c) the identical data
are shown with the physical properties of the air evalusted at stagnastion
conditions.

By a comparison of these curves 1t is seen that under no condition
1s the dependence on any one dimensionless parameter eliminated. In 2lil
three cases separate stralght lines result for each Mach nmumber as the
density veries and separate curved lines deseribe the varistion in Mach
number when the density is held constant. These plots show further that
the indicated sensitivity of the wilre to changes in Mach number or density
at & particular Reynolds number depends upon the condition which is
selected to evaluate the physical properties of the air.
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If these properties are evaluated at stagnation conditions (fig. 17(c)) ~
the wire has approximately equel sepsitivity to changes in velocity and -
density in the supersonic-speed region above M = 1.25 because of the
smaliness of the dependence on Mach number. In the subsonic-speed region
there is no such effect, except possibly in a region to be discussed later,
where the Mach number is low and d/\ 1s large. As the speed increases,
the slope of the curves with d/A constant decreases, showing a decreased
sensltivity to change in Mach number or velocity. This effect is greatest
at the lower values of d/\, as, for example, at a d/A of 20 the wires
show complete insensitivity to change in velocity at M = 0.8 and a neg-
ative slope in the region 0.8 < M < 1.0.

When the ailr properties are based upon free-siream conditions 1in the
subsonic region (figs. 17(a) and 17(b)), zero and negative slopes do not
occur, but a decreasing slope of the constant-density curves with arn
increasing Mach number persists. At the l&west Mach numbers, the curves -
are identical to those based on stagnation conditions because the free-
gstream temperature is essentlally stagnation. In the remainder of the
gubsonic region spproximately the same sensitivity to change in density is
indicated throughout because the lines of constant Mach number are nearly
parallel.

The supersonic dats of figure 17(a) show an increasing heat loss
with increasing Mach number (holding Re constant), which is just the
reverse of the phencmens shown at the subsonic speeds. The plot shows
further that, as the Mach number increases above unity, the slopes of
the constant Mach number lines slso increase. -

The supersonic date of figure 17(b), based on the conditions behind
a normel shock, show lines of constant Mach number having approximately
the same slope as those in the subsonic region, indicating that at a
fixed Reynolds number the seme dependence on density obtalns throughout
the entire range of Mach numbers. Separate curves are obtalned for dif-
ferent Mach mumbers, but there is less dependence on Mach number above
M = 1.5 +than shown in figure 17(a).

The work of Kovédsznay and TOrmarck (ref. 1) showed that basing p
and k on conditions behind a normal shock (or stagnation which is a
near equivalent) virtually eliminated the effect of Mach number in the
supersonic range covered in their investigation (1L < M < 2 approximately).
Accordingly, it might be surmised that compressibllity effects merely
reflect the effect of temperature on the properties of the alr. It is
highly significant therefore that the results obtained in the present
investigation show that this choice of yu and k reduces but does not
eliminate the Mach number effect in the supersonic range and at the same -
time increases the effect in the subsonic range. It must be concluded ~
therefore that no basic significance can be attributed to this choice
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of p and k and that, lacking further information, the choice may be
made a matter of convenience or may be made t¢ conform to the assumed
variation of properties In any particular gpplicstion.

Since it would evidently be advantageous to spproximate independence
of Mach number, if only in a limited region, it is worth while to see
whether this is possible. Obviocusly nothing can be done in the subsonic
reglon;y in fact, basing p and k on anything but the free-stream con-
dition would appear to be unwarranted. Detalled study of the supersonic
data from normal wires showed that p and k based on s temperature
60 percent of the way from free stream to the tempersture behind a normal
shock (varying somewhat from sample to sample) resulted in the minimum
Mach number effect. This was arbitrarily rounded off to an arithmetic
mean of the temperature of the free stream and that behind a normal shock
to give the results shown in figure 17(d). It is a matter of some inter-
est, and perhaps of some significance, that the data for swept wires, to
be discussed later in the section entitled "Test Results With Swept Wires,"
fell in line with the dats for wires of normsl incidence whern this con-
vention was adopted.

In figure 18 data are presented for four wires covering the full
range of dismeter, plotted with subsonic data based on free-stream condi-
tions and supersonic data based on the arithmetlic mean of the temperature
of the free stream and that behind a normsl shock. The particular condi-
tions chosen do not materlially affect this figure. The feature to which
attention is drawn is the change in the character of the curves with

. changing d&/A. Each of the four plots in this figure covers the range of
d/N made possible by varying the air density for a wire of & particular
diemeter, the four different diameters giving a range of d4/A from 6.5
to 590.

Attention should be focused on the difference in the character of
the lines of constant Mach number a, b, ¢, and so forth and the lines of
constent 4f\. In figure 18(a) where d/A is emall the two sets of
curves have radically different slopes, and the lines of constant d/A
bend over markedly followed by a sharp upturan into the supersonic region
ag the Reynolds number increasses. It will be noted that the bending
decreases as @&/A\ increases. This trend continues as d/A gets pro-
gressively larger in going to parts (b), (c)}, and (d) of figure 18. At
the same time the difference in the slopes of the two sets of lines becomes
less and less in the subsonlc reglon and they approach one another at the
lower Mach numbers.

While the curvature of the lines of constant 4&/A decreases with
increasing d/k, the curvature remsins pronounced for M > O.4. Coupled
with this is the separation of the two families: M constant and &/A
constant. This is the manner in which Mach number effect manifests
itself in the subsonic region. The source of this effect is a stronger



o5 NACA TN 3381

dependence of Nusselt number on density than on velocity. The phenomenon o’
is intimately connected with d/k, becoming larger as d/% decreeses. -
For example, when d/k 6. 5, the dependence of Nusselt number on velocity
becomes small above a Mach number of 0.4 and actually ceases around

= 0.8. This is a very significant feature, for it means & vanishing
sensitivity to velocity.

Flgure 19 is a composite plot of the same date given in figure 18
with the addition of the straight line derived from King's lew. The
fact that this line does not agree with the observations is unimportant,
for the constants are not usually checked by experiment, but it is worth
noting in thie comparison that a King's law type of behavior is being
approached wlth increasing d/x and decreaging M. The evidence from
this investigation is that departures from linearity and differences in
response to density and velocity have existed for the conditions under
which most hot-wires have been used in the past but did not become sppa-
rent because of the limited range of variables. For example, for atmos-
pheric densities and wire sizes normelly used, the departure from line-
arity is only 5 percent over speeds ranging from near -0 to 200 feet per

second. A not uncormon scatter of t2%-percent is sufficient to mask g

departure of thils magnitude.

Effect of Temperature Loading

Magnitude and direction of effect.- While King's law states that .
the rate of heat loss from a heated wire is proportional to its temper- T
ature rise, the present investigation and other recent work conducted
at high speeds show that devietions occur. In short, Nusselt number is T
found to depend on the temperature loading. ) ' -

The temperature loeding, given by T, - T,, and dencted by AT, is
the temperature rise produced by the heat generated electrically in the
wire, thls rise being Just sufficient to make the rate of heat loss equal
to the rate of heat input under the glven external conditions. A rate
of loss which is other than proportional to the temperature loading must ]
be attributed to some external effect produced by the heating. In ref-
erence 1 it is pointed out that the ratio AT/T is a good measure of .
the distortion of the flow around the wire. caused by the addition of heat.

In reference T, where the recovery temperature of the wire is assumed to

be Tg, the difference Ty - Tg 1is used as a measure of the perturbation
caused by the introduction of heai. Aerodynamic effects associated with

heat input to the stream are therefore recognized and probably account

for the effects about to be discussed. T

Reference 1 reports a decreaging slope of the curve obtained by
plotting rate of heat loss agalinst AE/TS gt supersonic speeds. No
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dependence of this effect on Mach number or Reynolds number was observed.
The theory of reference 7 predicts such an effect at supersonic speeds
but the reverse at subsonic speeds. The present measurements show that
effects do exist ih both the subsonic and supersonic regions but that
the magnitude and direction are a function of other variables.

Since the data teken for each wire in this investigation incliuded
from three to five different tempersture loadings, covering a wide tem-
perature range at each density and speed, sufficlent observatlons were
avalleble to show a temperature-loading effect dependent on both M
and p. As far as could be ascertained the effects of temperasture loading
were not influenced by Reynolds number. Since, however, the difference
in heat loss caused by tempersture loading is a second-order effect, a
possible influence of Reynolds number may have been masked by the experi-
mental uncertainty associated with scatter and the normsl sample varistion
associated with the different wires. No simple correlstion could be found
to cover all of the effects observed. :

Figure 20 shows the data from a single wire plotted for each of three
different temperature loadings, with a AT of 67°, 204°, and 511° ¢,
respectively. By reference to this figure it i1s seen that lines of con-
stant Mach number are always straight when Nusselt number is plotted
against Reynolds number, but a different line results for each constant
temperature loading. A decrease of Nusselt number results as the temper-
ature loading is increased, except at the lower Mach numbers, where
Nusselt number msy either increase or decrease with temperature loading
depending upon the density.

In the subsonic region the lines of constant Msch number show an
increasing slope as the temperature loading increases, indicating a
greater sensitivity to change in density at the higher temperstures.
Conversely, a decreassed sensitivity to change in Mach number is indiceted
as the tempersture loading is increased.

The combination of unit heat loss and slope among the various con-
ditions is such that the M = 0.05 1lines intersect near the point where
the free-stream density is near that for standard atmospheric pressure,
s0 that no change in hest loss with temperature losding at this density
and Mach number would be indicated. At lower densities, a decreasing
Nusselt number with increased temperature loading is indicated, and at
densities above atmospherie increased Nusselt numbers result from increased
temperature loadings. Because of the pecullar combinstion of contributing

factors, similar phenomena may occur at other combinstions of Mach number
and density.

In the supersonic region, a different type of charascteristic is indi-
cated. As the temperature loasding is increased the Nusselt number
decreases, as was the case in the subsonic region for the higher Mach
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numbers wilthin the density limits of the tests, but the slopes of the con- -
stant Mach number lines decrease as the temperature loading is increased. -
The change from incressing to decreasing slope with temperature loading
gpparently occurs near M = 1; that is, the lines of constent AT are T om
parallel near sonic speed. No combination of factors was encountered in ) T
the supersonic reglon where an increased Nusselt number resulted from —
increased temperature loading, but an extrgpolation of the lines of con-

stant Mach number indicates that this could occur at very low densitiles.

After various unsuccessful attempts to illustrate the observed phe-
nomena in a simple manner, it was found that the tempersture-loading
effects could best be shown by e system of nondimensionsl ratios involving
the tempersture loading, Mach number, density, and Nusselt number. In
this system the Nusselt number corresponding toc the lowest temperature
loading (AT = 67° C and AT/Tg = 0.22) was taken as a stendard from which
deviations at the higher temperature loadings could be based. ’ - -

If Nuﬂml denotes Nusselt number measured at the lowest temperature
loading, and Nuam, denotes that at any temperature losding, the ratio
NUAED/NuAEl will show the effect of tempereture losding. When these

ratlos are plotﬁed against Mach number with density and AE/TS as param-
eters, varlations of the ratio with Mach number, density, and AT/TS
will be shown, as in figure 21.

This figure indicates that at the lower Mach numbers the Nusselt
numbers may be greater or less than or equal to that at the lowest temp-

erature loading, depending upon M, p, and AT/T;. It further shows,
in genersl, that, as M . Increases, a decrease in NuATn/NuATl results 4

up to M = 1.0. The maximum effect of temperature loeding always occurs
"gbt M = 1.0, but the exact value is somewhat indeterminste. For values
of M greater than unity, the Mach number effect tends to disappear, but
variations with density and AT/Tg persist.

A cross plot of figure 21, with NuAED/NuATl as a function of

ATy [Ty, is shown in figure 22 for two different demsities. These plots

show that gt the lower Mach numbers elther an increasing or decreasing

heat loss may result, depending upon AT/Ty, density, and M; hence no

general statement may be made describlng the exact effect of temperature
loeding. At the higher Mach numbers (M > 0.4) increased temperature

loading in general results in a lower Nusselt number at an alr density
approximating that of & standard atmosphere {p = 0.0012 gram per cubic
centimeter), but here again the rate of decrease is dependent upon M, -
p, and AE/T . The heat loss may even increase wlth tempersture loading -
at this Mach number when densities are higher thsn those shown in the :
figure. In genersl, it may be sald that the departure of the Nusselt . -



NACA TN 3381 a5

number rgtio from unity ls less for the higher densities than for the
lower; that is, as the density increases, temperature loading has less
effect on Nusselt number. No systematic investigation of effect of

wire dlemeter was made in this comnection, but in figure 22 the trend
with diameter appears to be similar to that of density, indicating a

d8/\ dependence. It is pointed out, however, that the second-order resis-
tivity coefficlent B enters into these Nusselt number ratios. Any
deviation of B from the measured.values used in the hegt-loss computa-
tions will slter the values of the Nusselt number ratios and may cause
sufficient dispersion from wire to wire to mask differences attributable
to diameter.

Practical aspects of temperature loading.- Becsuse the temperature-
loading effect is large under many condlitions, it has an important bearing
on hot-wire spplications. In the measurement of fluctuations the circuit
is usually arranged to maintain constant current, and the wire temperature
varies as the heat loss fluctuates. There are systems, known as constant-
temperature systems, in which a nearly constent wire temperature is main-
tained by electronic regulation of the current, but these have so far
found little epplication at high speeds because of thelr relatively high
noise level. The temperature-loading effect comes into play in different
ways ln these two methods of operation.

Figures 23, 24, and 25 were prepared to illustrate the different
Nusselt number veriations, with constant temperature on the one hand and
with constant current on the other. The Nusselt number Nug, 1s here

simply the observed heat loss without end corrections divided by =nlkoAT,
where ko 1s a constant thermal conductivity, selected arbitrarily at

o° c. Similarly, Re, in figure 25 is a Reynolds number based on the

vigcosity at o° c. Accordingly, figures 23 and 24 may be regarded as
ordinary calibration curves, in one case for density varying and in the
other case for Mach number varying.

It will be seen in figure 23 that the character of the curves for
a constant 1 1is markedly different from that for a constant AT and
that this difference depends on the Mach number. As would be expected,
the differences are very significant when the Mach number is high. It
is obviously not permissible to carxry over into high-speed work the prac-
tice sometimes followed at low speeds, namely, calibrating at constant
AT and then maintalning constant current in fluctuation measurements.
In short, the wire must be calibrated under the conditions at which it
will be used. The effect is not so striking in figure 24, but the same
argument applies.

One of the lmportant features of constant-current operation shown
in figure 23 1s the extreme sensitivity to density at the higher Mach
nmumbers, It wlll be seen that curves such as d and e become very
steep in certaln ranges, depending on the current, density, and Mach
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number. The reglon of steepness occurs at different tempersture loadings
under different conditions. When this condition is met during operation,
it appears as a near 1instebillty. The observer has difficulty in taking
readings, and his first reaction is that something has gone wrong with
the equipment. In fact, this effect was encountered in some of the early
work in 1946 end 1947 when, during adjustments of the heating current, a
s8light increase in the current would sametimes throw the temperature out
of bounds and burn out the wire.

A comparison of figures 23 and 24 will show that this extreme char-
acteristic does not carry over to Mech number dependence. The sensitivity
to Mach number (or velocity) fluctuations is different for a constant 1
from that for a comnstant AT, but the differences are not nearly so marked
as they are for density fluctuations. Figure 24 shows that the looping
over, which glves rise to triple-valued Nugselt numbers and a region of
insensitivity, 1s accentuated in the constant-current curves.

Figure 25 1s a diagram of Nusselt number sgainst Reynolds number in
which both constant AT and constant 1 curves have been placed. Again
the chardgcteristic effects Just discussed will be noted. The loop in the
heavy solid lines for p and constant 1 and the discontinuity around
M = 1 are sgaln very pronounced, partlcularly at the lower values of d/A.

TEST RESULTS WITH SWEPT WIRES

Probes with single slant wires or with two wires arranged in the
form of an "X" have been in general use at low speeds for messuring
shearing stresses and cross-stream velocity fluctugtions. Since 1t is
obviously desirable to extend such applications to high speeds, the
characteristics of the inclined wire must be known. Investigations were
therefore conducted with single-wire probes with the wlre at various
angles to the stream. As was the case with the normal wires, data were
taken at several different temperature loasdings and the plotted curves
represent the observed data at a constant temperature loading, AT/TS = 0.22.
Temperature-loading effect was found to be similar to that for normal wires.

In the low-speed range, where the characteristics of slanted wires are
known, the heat loss depends on the normal component’ of the flow for sngles
ranging from 90° to ebout 20° (ref. 8). One question that naturally
arises 1s whether the same dependence extends into the high-speed range.
Another question concerns shock-wave effects, both from the wave created
by the leading support prong and fram the wave created by the wire itself.
When the Mach sngle corresponds to the angle of the wire, the wire lies
in the shock wave created by the leading probe tip. For lower supersoOnic
speeds the wire lies behind the wave, and for higher speeds it lies ahead.
Furthermore, the Tlow is effectively subsonic when the Mach angle is
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grester than the angle of the wire and supersonic when it is less. Coin-
cldence of the wire angle and Mach angle would therefore sppear to be a
critical condition.

A comparison of the dasta for a single swept wire based on various
assumed conditions for the ambient alr is shown in figure 26. This fig-
ure 1s similar to figure 17 for & normsl wire in that the identical
assumptions were made concerning the temperature of the alir surrounding
the wire for the evglugtion of the conductivity and viscosity factors.
By a comparison of the four plots of figure 26 it is again seen that the
best correlation of the supersonic dats results when the ambient air is
assumed at a tempersture midway between that of the free stream and that
behind the normal shock induced by the wire (fig. 26(d)). In this case
the shock strength was computed from the normal component of the Mach
number, The dotted line represents the Mach number for which the Mach
angle is equal to the measured angle of the wire. This represents the
dividing line between subsonlc and supersonic flow of the component of
velocity normal to the wire. It is to be noted that no shock wave will
be induced by a swept wire until the Mach angle of the flow is less than
the angle of the wire.

A comparison of figures 26 and 17 shows a marked similsrity between
them in both the subsonic and the supersonic reglons, except for the
region of figure 26 which lies between sonic free-stream velocity and
sonic normsl component of -flow to the wire. This range in the swept-
wire data 1s a region of comparative insensitivity.

It will be noted that the values of the Nusselt nmumber and the shapes
of the curves 1n this insensitive region are dependent upon the conditions
assuned for the ambient air. In figure 26(c) with the air temperature
assumed at stsgnation, a decreasing Nusselt number is indicated between
free-stream velocities corresponding to M = 0.9 and 1.4, the higher of
which corresponds to Mach number unity for the component perpendicular
to the wire. After M sin 6 is increased sbove unity (free stream
M = 1.40) an increasing heat loss with increasing free-stream Mach number
occurs. These phenomens indicate that the wire is insensitive to velocity
or Mach number changes near an M sin 6 of unity.

On the other hand, if free-stream conditions are assumed for eval-
uating the properties of the amblient air in this Mach number range
(fig. 26(d)), this insensitivity to Mach mumber or velocity occurs near
a free-stream Mach number of 1.25, and the region of insensitivity is
reduced greatly. The shift in the point of insensitivity may be of assist-
ance in a turbulence measurement in that it will tell whether or not
fluctustions in air properties are present. If, for example, the signal
disappears at M = 1.4, only velocity fluctuations are present. If, on
the other hand, the signal disappears at M = 1.25, Mach number fluctua-
tions are present along with the accompanylng changes in temperature
which influence the properties of the alr.
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To test whether the hest losses from swept wires are determined by
the component of velocity (or Mach number) perpendicular to the wire
over any great range of speeds, several swept wires were tested and com-
pared with a normal wire. Pertinent results are shown in figure 27.

A direct comparison of performance of the various wires was difficult
because of the inherent variation among the several samples. To make a N
direct comparison, wilth sample dispersion_removed, 'the NUsselt numbers of
each of the swept-wire samples were multiplied by & factor to bring them
into agreement with normal-wire data in the subsonic range below a Mach
number of 0.6. It will be seen from the factors listed in the figure
that the adjustments do not exceed 5 percent.

From this figure it can be seen that the sensitivity to denslity is
independent of wire angles and that, as the veloclty changes, identical
correlation exists at the higher supersonic speeds. In the range of
gpeeds between that at which the Mach number of normal flow to the wire
and that at which the free-stresm Mach number are unlty the hest loss
is somewhet indeterminate, and the curves show a region relatively insen-
sitive to Mach number, or velocity, changes.

It is to be noted that these curves are based on free-gstream tempers-
tures for values of M sin © less than unity and on the average tempersg-
ture midway between those temperatures behind a normal shock and those of
the free stream for M sin 8 grester than unlty. No such correlastion
exlsts, except at the lowest speeds, if any other tempergtures are assumed
for the ambient air, such as stagnation, free stream, or the computed
condition behind a normsl shock. It is felt that the chargcter of the
indeterminate region shown on the curves may be caused by differences
in the shapes of the wind-loaded wires, the effect of the shock waves
created by the holder, and other mechanicel factors difficult to control.

In en attempt to find some correlation between the heat-loss charac-
teristics and the positions of the shock wave from the holder, schlieren
photographs were taken of one sample. This series of pictures is shown
in figure 28. This 1s the identical wire and holder for which the data
are shown in figures 26 and 27.

When this wire was gpplied, it appeared taut when not loaded. The
photograph shows that when under wind loading, the wire is not straight
but has a definite curvature caused by the wind, with the result that the
component of velocity normal to the wlre varies throughout its length.
This condition would exist even if the wire were spplied with initial
tension. The shape of the wire near the short needle is such that it 1s
nearly normal to the stream, whereas near the longer needle the wire
approaches a direction parallel with the flow. These photographs show
that the shape of the wire is such that for this range of Mach numbers
it always lies within the shock cone created by the longer needle. The
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region of insensitivity and points of inflection shown on the curves of
figure 26 cannot be associated with the position of this shock cone rela-
tive to the wire. At higher Mach numbers where the shock wave must pass
over the wire, no irregularity in the data is indicated. Tests on a
single wire sttached well back from the tip of both a sharp and blunted
long needle showed only s difference in level of Nusselt number sbove
free-stream sonic speed.

Wire calibrgtions over a range of temperature loadings indicated
the same type of performsnce as was shown by the normal wires provided
that the effective velocity on the wire was assumed to be that of the
component of the free-stream velocity perpendicular to the wire. Nusselt
numbers were governed by a combination of Mach number, density, and tem-
perature loading, and the sensitivity to velocity and density at constant
heating current depended upon the temperature loading teken by the wire
at the conditions of operation.

POSSIBLE APPLICATIONS OF HOT-WIRES

In the foregoing sections an attempt has been made to set forth
the basic charascteristics of the hot-wire. It is believed that this kind
of informetion forms the foundation on which to construct techniques of
measurement. With a knowledge of what can be done, what limitations
exist, and how the response of the wire can be varled at will, the tech-
nique and probe form most likely to accomplish the desired measurement
can be selected. Once this selection has been made, the probe must be
calibrated in terms of the variables concerned.

At first sight hot-wire performsnce locks forbiddingly formidable
and complex. The behavior of a hot-wire definitely is not simple, but
the very fact that it shows so meny behavior patterns is evidence of
versatility. It is also true that turbulence phenomens themselves are
complex; herce the observer must be well informed about the capabillties
of his instrument snd clear about the objectives of his measurements.
Fortunately the hot-wire exhibits most of its camplexities in the sub-
sonic region where turbulence phenomens are not yet greatly complicated
by compressibility effects. The supersonic performance is not reducible
to a single curve and 1s therefore not so simple as it was originally
thought to be (ref. 1) yet is not so complex as to exclude the possibility
of applying the methods of reference 9. In order to apply any of the
established methods gbove Mach number 0.2, the tempersasture loading must
not exceed something in the neighborhood of 200° C.

In addition to the ordinary uses of probes containing slsnting wires,
the swept wire offers the possgibility of moving subsonic behavior into
the supersonlc range. Partlcular reference is made to the utility of
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the "dead spots" (regions of zero slope) when it 1s desired to eliminate
a varisble. Unfortunately the prospect of reaching much above the low
supersonlc range 1s dim because of practical limitations on the inclins-

tion and straightness of the wire. However, 1t is felt that the possibil-_

ities of swept wires have not been fully covered in this investigation.

The suthor is fully cognizant of the fact that a reader interested
in some particulsr aspect of hot-wire performence may wish to use methods
of plotting not found in the figures given here. For this reason some
of the results are summarized in tebles IIIL to XIITI. Here Nusselt num-~
bers, with end-loss corrections applied, are given on the bagis of free-
stream conditions. Since for practical spplications end-loss corrections
would not ordinarily be applled, figure 12 is included as an adjunct to
the tables, glving the curves of the conversion factors which were applled
to the mesassured dats to apply the end-loss corrections. In order to con-
vert the corrected Nusselt numbers presented in the tables to the measured
values without end-loss corrections applied, the tabulated Nu 6 must
first be multiplied by the factor k/k,, values of which are tabulated
in tsble XIV, to eliminate the variable conductivity included in the cor-
rected Nusselt numbers. This converts the tabulated Nusselt numbers to
Nusselt numbers for an amblent air temperature of 0° C and thus elimi-
nagtes a function of Mach number which is not included in the end-loss
correction. An application of the Wusselt number ratio determined from
figure 12 to the tabulated Nusselt numbers yields values as measured
without end-loss correction.

CONCLUSIONS

!

The following conclusions were derived from an investigation of the
heat-loss characteristics of hot-wire anemometers at various densities
in transonic and supersonic flow:

1. It was found that King's law did not correctly express the rate
of heat loss from fine wires under any conditions of the present investi-
gation. The conditions of validity of this law are approached in the
incompressible-flow range as the wire diameter and sir density are
increased. The governing parameters in the incompressible range are
Reynolds number and pd, or its equivalent;: d/%, where p is the den-
gity, 4 is the wire dlameter, and A 1is the molecular mean free path.

2. In the subsonic range, large differences occur 1in the response
to velocelty and density. The parameters governing this behavior are
Mach number M, d/A, and temperature difference AT. Fine wires, in
general, exhiblt low sensitivity to velocity, agaln depending on &/
and M.
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3. In the supersonic range 1.2 <M < 1.9, near independence of Mach
number may be obtained at a constant temperature loading by evaluating
viscosity p and the thermsl conductivity of air k at a temperature
midway between that of free stream and that behind a normal shock. No
date were obtained sbove Mach number 1.9 because of tunnel limitations.

k., Temperature-loading effects in the compressible-flow region
become very important above loadings of 200° to 300° C and cause large
differences between the response of the wire for constant temperature
and for constant current.

5. On swept wires, the rate of heat loss was found to depend on the
component of flow normal to the wire for the angle range covered in the

investigation (90° > 0 > 36° where 6 is the angle measured from the
stream axis). -7

6. Swept wires (6 < 90°) do not exhibit supersonic characteristics
until the Mach angle is less than 6. When the Mach angle exceeds 6,
the wires show little or no sensitivity to velocity, or Mach number,
change.

National Buresu of Standards,
Washington, D. C., FPebruary 18, 1954.
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TABIE I

TEMPERATURE COEFFICIENTS AND RESISTIVITIES OF WIRES

( Resistivity
Diameter, handbook value),
Material in. o B micro-ohms/cm5
at 20° C
Tungsten 0.00015 | 4.220 x 10-3 T.299 x 10~7 5.5
Tungsten .0003 | 3.94k - T.510
. Platinum .0003 |3.808 -6.220 10.6
) Platinum .00152 |3.769 -8.405
- Platinum with .00005 |1.418 0] 138.0
10 percent
rhodium
Platinum with| .0001 |1.596 -2.149
10 percent
rhodium
Platinum with .00015 {1.54% -1.498
10 percent
rhodium




TABLE I1

MAXIMUM WIND LOADING OF WIRES

|V R S ManediT1a afrranaoth
Y (handbook value)
Maximm 1l 2
Material | D opooers | Length, temperature, | 2 o g 1b/sq in.
c gn/c® | Anneaied Bard. drewn

Tungsten 0.00015 2.82 3Tk 887 2%0,000 590,000
Tungsten 0003 2.66 hoy 887
Platimm .0003 2.82 496-626 887-450 | 18,000-22,000 | 30,000-36,000
Platinum 00152 | 9.12 361 81
Platimm with | .00005 | 2.72 397 TT1. 47,000 84,000

10 percent

rhodimm : i ;
Platinum with .00005 T3 350 887 '

10 percent

Thodium
Pletimm with 0001 2,86 539 887

10 percent

rhodium
Platimm with 00015 2.80 69454 570-887

10 percent

thodium
Pletimum with 00015 .68 53k 887

10 percent

rhodium

g

TeeS NI VOVN
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TAELE IIT

NUSSELT NUMBERS XNu, FOR INFINITELY LONG PLATINGM WIRE CONTAINING
10 PERCENT REHODITM WITE d = 0.00005 INCH, 1 = 0.T3 MILLIMETER,
R, = 117.9 OHMS, AND T, = 308° K
(a) oF = 61.70° C;.4R = 10.32 chms; AT/Tg = 0.200; AR/Bo = 0.08737

N Ru, at free-stresm demsity, gm/em’, of -
0.0002 0.0003 0.000k | 0.0006 0.0008 0.0010 0.0012 | 0.0016 | 0.002k
0.05 0.615% 0.6946 | 0.7901 | 0.8935 0.8927 1.205
20 | 6730 814k .9020 1.022 1.088 1.508
.20 . 7826 .9610 1.115 1.250 1.370
40 9211 1.167 1.365 1.533 1.713
.60 29957 1.283 1,54 1.708 1.919
.80 1.0%6 1.346 1.639 1.869 2.006
.90 1.027 1.369 1.666 1.881 2.103
"] 1.036 1.357 1.6k2 1.90% 2,128
1.05 0.9256 | 1.097 1.478 1.716 1.965 £.205
1.25 1.005 1.240 1.548 1.895 2.160 2.512
1.50 1.21% 1.k 1.828 2,162
1.75 1.397 1.665 2.109
1.90 1.532 1.813 2.378
(b) AT = 185° C; AR = 30.95 cms; AT/T, = 0.601; AR/R, = 0.2624
- Ru, at free-stream density, gm/chd, of -
0.0002 0.0003 0.0004 | 0.0006 | 0.0008 0.0010 0.0012 | 0.0016 0.002}
0.05 0.6263 0.7358 | 0.8038 | 0.875L | 0.9239 1.270
.10 6783 8206 9372 1.068 1.127 1.561
.20 .7875 9TLL 1.135 1.277 1.391
A0 .913%0 1.16% 1.367 1.559 1.726
.60 .9830 1.273% 1.525 1.735 1.9%2
.80 1.020 1.33%0 1..608 1.836 2.057
.90 1.009 1.339 1.645 1.86% 2.082
.95 1.012 1.333 1.627 1.87h 2,091
1.05 0.8049 1.080 1.k08 1.687 1.942 2.173
1.25 .9812 1.150 1.539 1.838 2.081 2.313
1.50 1.161 1.397 1.792 2.127
1.75 1.363 1.628 2.10%
1.90 1.482 1.767 2.306
(c) AT = 315° C; AR = 52.64 olms; AT/Ty = 1.020; AR/R, = 0.1k63
. Nu, =t free-stresm density, gm/cm3, of -
0.0002 0.0003 0.0004 0.0006 0.0008 0.0010 0.0012 0.0016 0.002%
0.05 0.616% 0.7261 | 0.82%9 0.7933 0.975k 1.%316
.10 L6721 .8208 9511 1.075 1.161 1.618
.20 .T61h .9553 1.128 1.285 1.h12
Ao 8795 1.133 1.337 1.58T 1.720
.60 L9R3T 1.236 1.475 1.722 1.915
.80 9176 1.293 1.576 1.822 2.030
.90 9401 1.293 1.612 1.839 2.055
95 9689 1,287 1.583 1.839 2.056
1.05 0.8303 .9955 1.319 1.594% 1.857 2.09k
1.25 L0132 | 1.111 1.k2g 1.728 2.023 2.203
1.50 1.078 1.309 1.683 2.01%
1.75 1.271 1.577 1.983
1.90 1443 1.658 2.15%
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TABLE IV

NUSSELT NUMEERS Nu, FOR INFINITRELY LONG PLATINUM WIRE CONTATNING

10 PERCERT REODIUM WITH d = 0.00015 INCH, ! = 2.80 MILLIMETERS,

R, = 1B.61 ORME, AND T, = 303° K

{a) AT = 66.8° C; AR = 4.99 ohms; ur/‘r,, = 0.221; AR/R, = 0.1026

Ru,, &t free-siream density, gm/cm3, of -
M
0.0002 0.0003 0.000k 0.0006 0.0008 0.0010 0.0012 0.0016 0.0020
0.05 1.01k 1.140 1.300 1.349 1.6 1.606 1.758
.10 1.224 L.hhh 1.589 1.737 1.842 2.075 2.296
.20 1.544° 1.820 2.003 2,186 2.383 2.680 3.00%
4o 1.900 2,322 2.593 2.822 3,069 3,501
.60 2.138 2.642 2,962 3.263 3.59% k142
.80 .29k 2.868 3.258 3.635 L. 018
.90 2.298 2.951 3.538 3.7TL L.148
95 2,315 2.977 3.368 3.778 4,230
1.05 1.986 2.390 3.098 3,624 k,205 k.606
1.25 2.188 2.620 3.375 4,076 4.627 5.092
1.50 2.015 2.591 3,055 3.922 4,723
1.75 2.33%0 3.01% 3.584 L.636
1.90 2.548 3.286 3.976 5.121
(b) AT = 204° O3 AR = 14.T6 ohms; A?.‘/I',' = 0.672; AR/R, = 0.3036
Bu, at free-stream demsity, gn/em’, of -
M
0.0002 0.0003 0.000k% 0.0006 0.0008 0.0010 0.0012 0.0016 0.0020
0.05 0.9921 1.166 1.313 1.373 1.456 1.647 1.79%
.10 1.215 1.126 1.585 1.72% 1.861 2.106 2.315
.20 1.485 1.757 1.988 2.182 2.37h 2.71.8 3.010
40 1.845 2.224 2.524 2,789 5.03% 3.484
.60 2.046 2.519 2.87L 3.198 3.52% k.080
.80 2,190 2.797 3.135 3.51% 3,892
.90 2.164 2.825 3.189 3.631 4,021
.95 2.148 2.824 3.205 3,632 4,075
1.05 1.884 2.27% 2.955 3. 4,026 4.425
1.25% 2.067 2.483 3.235 3.870 k.hoo 4.885
1.50 1.848 2.399 2.924 3.761+ b g
1.75 2,150 2.84h 3,384 396
1.90 2.361 3.122 3.761 L.848
(c) AT = 344° G5 AR = 24.76 olms; AT/Tg = 1.135; AB/Ro = 0.509%
Nu,, &t free-stream density, gm/c.m3, of -
M
0.0002 0.000% 0.0004 0.0006 0.0008 0.0010 0.0012 0.0016 0.0020
0.05 o.?ga} 1.128 1.306 1.389 1.489 1.703 1.861
.10 1. 1.356 1.545 1.Th2 1.888 2.154 2.375
.20 1.k16 1.658 1.895 2.182 2.391 2,787 3.0%9
Jo 1.7k 2,042 2.450 2.739 2.987 3.hg2
.60 1.862 2.267 2.826 3.183 3.501 4071
80 1.966 2.537 3.078 3.472 3.837
.90 1.957 2.593 3.115 3.541 3.96k
.95 2.02% 2.510 3.029 3.498 3.997
1.05 1.730 2.089 2.84h 3007 3.796 k. 119
1.25 1.883 2.296 3,122 3,550 L,213 k.01
1.50 1.657 2.2%6 2.764 3.617 4,265
1.75 1.969 2.684 3.249 123
1.90 2,17 2.993 3.469 4,623
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TABLE IV.- Concluded

NUSSELT NUMBERS Nu, FOR INFINITELY IONG PIATTNUM WIRE CONTAINING

10 PERCENT RHODIUM WITH 4 = 0.0001l5 INCH,

1 = 2.80 MITLIMETERS,

R, = 4B8.61 OEMS, AND T, = 303° K

(a) AT = 514° C; AR = 35.97 ohms; AT/Tg = 1.696; AR/Ro = 0.74O0

37

Nu, abt free-stream density, am cm3, of -

M
0.0002|0.0003|0.000k4 {0.0006 [0.0008|0.0010{ 0.0012|0.0016| 0.0020
0.05 0.9165|1.110 [1.272 [1.336 {1.472 {1.706 |1.867
.10 1.060 |1.313 |1.437 |1.625 [1.829 [2.118 [2.346
.20 1.246 {1.564 [1.738 [1.99% |2.270 [2.662 {2.973
40 1.4k72 11.878 |2.115 |2.451 12.826 |{3.356
.60 1.589 {2.075 |2.347 [2.783 |3.238 |3.861
.80 1.654% {2.177 |2.556 |3.076 |3.533
+90 1.612 {2.190 |2.597 |3.170 |3.681
.95 1.579 {2.176 |2.612 |3.174 |3.716
1.05 1.541 [1.893 [2.530 |3.043 }3.222 |[3.604
1.25 1.718 [2.101 }|2.79% [3.190 [3.632 [4.205
1.50|1.525 [2.0: |2.506 |3.260 |3.T78
1.75{1.796 |2.405 [2.897 |3.641
1.90{1.982 |2.654% [3.065 {4.064

(e) AT = 66L° C; AR = 46.15 oms; AT/T, = 2.192; AR/R, = 0.949k

Wu, at free-stream density, gm/cm3, of -

M
0.0002{0.0003|0.000k4|0.0006 |0.0008}0.0010} 0.0012| 0.0016{ 0.0020
0.05 0.92011.126 11.291 |1.347 {1.493 [1.7h2 |1.914
.10 1.058 |1.323 [1.418 }1.608 {1.820 [2.134 |2.37L
.20 1.229 [1.550 (1.694F §1.965 [2.24k [2.660 |2.968
10 1.417 |1.841 [2.028 }2.388 [2.760 [3.317
.60 1.561 |2.017 |2.2%2 ]2.679 |3.130
.80 1.582 [2.112 {2.390 {2.906 |3.386
.90 1.555 |2.116 |2.445 }3.020
.95 1.5%39 [2.105 |2.448 [3.17h
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TAELE ¥

NUSSEIT NOMBERS Ru, FOR INFINITELY LONG PLATINUM WIRE CONTATNING
10 PERCER® REODEM WITH d = 0.00CL5 INCE, 1 = 0.68 MILLIMETRR,
Ro = 11.09 CBMS, AMD Tg = 303° K
() AT = 66.8° C3 AR = L.14 clmsy AT/T, = 0.221; AR/R, = 0.1028

¥a, st free-streem devsity, gu/md, of -
u h
0.0002 0.0003 0.000% 0.0006 0.0008 0.0010 0.0012 0.0015 0.0020
0.05 - 0.9590 1.05k 1.1k3 1.26% 1.333 1.505 1.646
A0 1.103 1.22 1.485 1.610 1.729 1.9%9 2.124
.20 1.356 1. 1.5001 2.077 2,217 2.516 2.T72
.bo 1.686 2.080 2.432 2.632 2,852 3.25% 3.605
.60 1.876 2,369 2.;(32 3.056 2.5 3.862
.80 2,067 2.592 3. 3.372 Ok7
3 = AN
1005 . 1.808 2174 a:m 3,293 31762 122
1.25 2.% 2.501 3.178 2723 852 k.69%
1.5 2. 2.934 3,723 &30
1.5 2,791 3.369 k321
1.90 3.086 3.731 h.763
(o) &% = 195° Cj AR = 3.37 obms; AL/T, = 0.657;" ARfR, = 0.3039
Ru, at free-strean density, QIAII;, of -
3
0,0002 0.0003 ©.000% 0.0006 0.0008 0.0010 0,0012 0.0016 0.0020
0.05 0.9748 1.088 1.188 1.319 1.386 1.588 1,752
.10 1.099 1.332 1.498 1.634% 1.;76; 2.031 2.
.20 1.335 1.667 1.903 2.068 2. 2.58% 2.893
.50 1.%'{ 2,068 2.505 2,551 2.859 5.322 3.666
. L. 2.339 2.79 3.0% 3.365 3.903
. 1.983 2.7 2.955 B-Egg 3.686
.90 1.997 2.570 3.05T LR 3.840
.95 1.982 2,609 3.09L 3,515 3.926
1.05 1.592 2.17h 2.812 5.1§Z E:ak 2,915
1.25 2.055 2. 2,928 o5 .0T9 Sk
1.50 z.ﬁ §§z‘; 2506 .202
1.75 2, . .
1.90 2.801 2.kTh #.ﬁ
(e} AF = 335° Cj AR = 5.65 clma; AT/ = 1.119; ARfR, = 0.5095
M, &t free-strean demsity, gnjm’, of -
M
0.0002 0.0003 0,000% 0.0006 0.0008 0.0010 0.0012 0.0016 0.0020
0.05 0.9%62 1.079 1.197 1.300 1.400 1.599 1.761
.10 1.068 1.302 1.467 1.593 1.732 2,035 2.213
80 1.278 1.580 .65 1.961 2.173 2.921 2.6847
40 1.659§ 1.9 2,310 2.390 2,668 | 3,169 3.52%
.60 1. 2. 2.49% 2.83T7 3.21h% 3.767
.80 1.80% 2.347 2.693 3.052 %.463
S0 1.799 2.35%0 2.719 3.1k7 3.618
115 L | | 5| BE | dme | 36k
1:25 1:585 1:961 2:;2 5:?&2 3:767 E:ase
1.5% 1.8222 2,376 3.133 3.
1.3 - 2. 2.773 832
1.90 2.469 3.126 22
{d) AT = %01° O; AR = 8.21 olms; Au;/m, = 1.65%) AR/Rg = 0.7403
Ku,, at free-stream density, gn/m3, of -
M
0.0002 0.0003 0.000k ©.0006 0.0008 0.0010 0.0012 0.0016 0,0020
0.05% 0.9069 1.% 1.190 1.299 1.0 1.615 1.782
.10 1.018 1. L.h2k 1.570 1.2t 1.983 2,21
.20 1.1%9 1.467 1.720 1.508 2.102 2.k59 2,762
4o 1. L.7%0 2.071 2.297 2.569 3 3456
.60 1. 1.9%0 2.298 2.597 2.809 3.455
8o 1.575 2,031 2,415 2.;&0 3,132 .
.90 1.551 2.056 2.488 2.847 3.233
.95 1.55% 2.06% 2.:@ 2.872 %.280
1.05 L.277 1.55% 2.030 2. 2.902 3.268
1.28 1.k51 J..EE 2.315% 2.84L 3.321 3.785
1,% 1.759 2. 2. 3527
1.75 2,025 2.451 3.305
1.90 2.192 2.712 3,668
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TABLE VI

KUSSELT NUMEERS Nue FOR INFINITELY LONG TUNGSTEN WIRE

1 = 2,82 MILLIMETERS,

WITH a = 0.00015 TKCE,

Ry = 1h.51 OHMS, AND Ty = 303° X

(8) AT = 64.9° C; AR = .06 clms; AT/T, = 0.21%; AP/RO = 0.2798

0.0016

0.0012

RERRRE AR
1122333.4.&..&.

0.0010

MR

112235332

0.

EREILIRNRES

1112233353-4

0.

RREERER DA RER

11122222235|4.u.

Ku, &t free-stresm density, sq/gm’, of -

0.

wmxmgolummsa

0111122222233

0.0003

mm EER

12223

0.0002

RS

(b) AT =196° C; AR = 12.51 chmsj AT/T, = 0.6kT; AR/R, = 0.8622

Ru,, at free-stream density, m./mB, of -

0.0016

0.0012

REEASREER-

l 12 233533.&.

0.

§838aRYURY

1 12253333h..

0.

ERERLRREYRY

L1L2223333k

0.

BREIARRREIRYR

11122222232.&.

0.

FLRBERRINE R

0111111122233

0.0003

ERNEY

11222

0.0002

288§

Aaa Hao
£389883558RL] £983388558RER
o Hrded el [~ ArrAA

(c) AT = 334° C; AR = 21.82 chms; ur/m, = 1.102; Ar/no = 1,50k

0.0016

0.0012 |

ERdeagggen

1_ 1_ oo 3335:}.4

0.

4RERAALRAA

AdddamiaKiKan

0.

AN NN

It

Ru,, at free-stream demsity, gn/cm3, of -

0.

§LERARREERRAY

Arie el ol ool @ ol K

0.

(-
59385848488
OrHdm™ -l

0.000%

0.0002
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TABIZ VIT

RUSEELT KUMEERS Nu, FOR INFINITELY LOKNG TURGSTER WIRE
WITE & = 0.0005 INCH, 1 = 2,67 MILLIMETERS,
Ry = 3.349 (BMS, ARD T, = 303° K
(2) AP ~ 64.5° 0; AR = 0.88 olus; A‘I;/T,:-O.ZL};AR/RO-O.ZGl

Ru,, #% frec-stresm demsity, gn/cm3, of -
M
0.0002 [ 0.0003 | 0.000% | 0.0006 | 0.0008 | 0.0010 | 0.0012 | 0,0016 | 0.0020
0.05 1.210 1424 1.599 | L.755 1,881 2,118 2.305
.10 1,541 1.8%0 2.846 2,781
20 - 1.969 2.722 3.191 k.o53
40 2.556 3,188 3,517 | 3.9%0 261 k.99 5.733
.60 2.893 4,119 5,121 6.25%
.80 3.149 . 5.69%
.90 3.242 4,192 5.hek
.95 3.186 k132 k.ozk | 5.473 5.998
1.05 3.305 3. 4%7 h476 5.226 | 5,899 6.697
1.25 3. 714 4,214 5.346 6.261 | 6.7T3 T.TT0
1.50 | 3.h21 .210 4.959 6.232 T.364
1.7 | 3.1 4.869 5.850 7.389
1,90 | kasL 5.533 6.387 8.
(b) AT = 207° O3 AR = 2.89 ohms; AU.'/’.L‘g = 0.682; &}/&, = 0.862
Hu,, at free-stream density, gn}/cné, of -
X
B 0,0002 0.0003 00004 0.0005 0.0008 | 0.0010 0.0012 0.0016 0.0020
0.05 1.236 1.453 1.622 | 1.790 1.9% 2.189 2.9
.10 1.546 1.844 2.295 2.809
.20 1.952 2.689 3.202 k.020
J0 2.401 3.017 3.462 | 3.842 . 4,948 5.561
.60 2.797 L,o2 4,983 6.107
80 2.993 4,518 5.547
.90 3.05L 3.999 5.346
.95 3.029 3.9k6 L ,6h9 5.315 5.864
1.05 2.953 3.236 4,258 5.020 5.TT5 6.
1.25 3.406 L,018 5.041 6.017 6.617 T.
1.50 3.128 3.990 k.20 6.046 T7.087
1.75 | 3.562 %.658 5,609 T.09%
1.90 3.976 5.151 6.145 T.
(e) AT = 37T4° Cj £R = 5.35 obms; AT/T, = 1.234; AR/RO = 1.586
Nu, &b free-stresm density, gm/ém5, of -
M
0.0002 | 0.0003 | 0.000% | 0.0006 | 0.0008 | 0.0010 | ©0.0012 | 0.0016 | 0.0020
0.05 1.246 1.450 1.62% | 1.79% 1.952 2.205 2.518
10 1.534 1.810 2,26k 2.812
.20 1.910 2,622 %,162 4,013
Lo 2.380 2,894 3.357 | 3.732 h.o5h L.k 5.358
60 2.697 3.862 4,778 5.942
.Bo 2.822 k.273 5.359
.90 2.860 3.736 5.019
95 2.78L 3.646 k.330 k061 5.389
1.05 2.72 2.995 E.938 671 | 5.342 6.211
1.25 3.175 3.673 ST5% 5.722 6.451 T L7k
1.50 | 2.893 3.652 k.,258 5.675 6.652
.75 | 3.28 4 o34 -5.20L 6.617
1.90 | 3.558 h.720 5. 135 T.398
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TABLE VIII
“° NUSSELT NUMEERS Ru, FOR INFINITELY LONG PLATINUM WIRE
- WITH d = 0.0003 INCH, 1 = 2.82 MILLIMETERS,
Ry = 5.63 OMB, AND T, = 303° K
(2) 2 = 68.5° C; AR = 1.43 clms; AT/T, = 0.226; AR/R, = 0,254
RNu,, a.t' free-stresm demsity, gn/:m}, of -
M
0.0002 | 0.0003 | 0.000% | 0.0006 | 0.0008 { 0.0010 | .0.0012 | 0.000L6 | ©.002k
0.05 1.501 1.708 1.879 2.110 2.24h 2.2 2.988
.10 1.839 2.169 2.670 3.163 3.801
20 2.392 3.148 3.690
40 2,992 k.100 §.882 T.140
.60 3.430 k.857 5.926
.80 3.808 5.413 6.652
.90 Eghs k.877 6.258
.95 021 4,985 5.86L | 6.502 T.0%6
1.05 3.550 4,162 5.246 6.075 6.735 7.225
1.25 k.037 k.69 5-8@ 6.854 | 7.658
1.50 3.710 h. 0k 5.491 T T.91h
1.75 Lk .3h 5.501 6.386 t.877
1.90 | hL.706 5.911 6.9%0 8.732
(b) AR = 200° C; AR = 4.11 ohms; AT/Tg = 0.658; ARfRo = 0.730
Nu, ab free-stresm demsity, gn/em’, of -
M
0.0002 | 0.0003 | 0.000% | 0.0006 | 0.0008 | 0.0010 | 0.0012 | 0.0016 | 0.002k
0.05 1.525 1.752 1.9%39 | 2.1k% 2.29% 2.526 3.07h
.10 1.849 2,186 2.712 3.250 3.897
.20 2.328 3,147 3,722
: 40 2.915 X.037 5,793 T.118
- .60 3.327 k.716 5.805
.80 %.630 5.281 6.1th0
. .90 3.792 | LT3 6.264
95 3.790 L.843 5.6T79 6.299 6.953
- 1.05 3.518 L.098 5.183 5.966 | 6.677 T.279
1.25 3.863 %.596 5.732 6.675 T.438
1.50 3.543 4,597 5.347 6.688 T-697
1.75 | k.i2 %5.273 6,209 T7.799
1.90 | %.506 5.740 6.812 8.506
(c) Ar = 334° C; AR = 6.TL ohms; AT/Tg = 1.102; AR/R, = 1.192
Ku,, &t free-stresm density, gn/ﬁnz,. of -
M
0.0002 | 0.0003 | 0.000% | 0.0006 | 0,0008 | 0.0010 | 0.0012 | 0.0016 | 0.002k
0.05 1.541 1.790 2.018 2.205 2.360 2.620 3.184
.10 Lg:tﬂ 2,201 2.763 3.31h 3.981
.20 2.281 3.143 3.THT
1o 2.808 3. b ThT T7.100
.60 3177 & 588 5.685
.80 3450 boss6 5.132 6.338
90 3.559 5
.95 3.5T5 §.5688 5.429 6.173 6.800
1.05 3.216 3.969 5.036 5.778 | 6.552 T.212
s 1.25 3.690 k.6 5.538 6.525 | T.280
- 1.50 3.336 B.374 5.181 6.562 T7.%99
1.75 3.922 5.028 6.148 75Tk
1.90 k.300 5.481 6.573 8.220
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TABLE VIII.- Concluded

NUSSELT NUMBERS Nu, FOR INFINITELY LONG PIATINUM WIRE

WITE d = 0.0003 INCH, 1 = 2,82 MILLIMETERS,

Ry = 5.63 OBMS, AND Ty = 303° K

(d) AT = 470° C; AR = 9.27 ohms; ALg/Ts = 1.551; AR/R, = 1.647

Nu, at free-stream density, gm/cm3, of -
M
0.0002 {0.0003| 0,000k |0.0006|0.0008|0.0010| 0.0012|0.0016 |0.002k
0.05 1.540 {1.815 [2.053 [2.240 {2.398 [2.6T1 |3.252
.10 1.835 |2.212 2.782 3.355 [4.038
.20 2.242 3,130 3.751
40 2.732 3.917 h.711 7.007
.60 3,041 4. 482 5.511
.80 3.328 %.939 6.178
.90 3.361 {4.278 5.818
.95 3.349 14.3%35. 15,191 |6.00k {6.600
1.05 2,912 |3.623 |4.548 |5.421 |6.233 |6.901
1.25 3.3% |L4.0%30 {5.087 {6.148 |6.892 | 7.57L
1.50{3.011 {3.938 {L4.728 {6.068 |7.175
L.7513. 78 {4.578 |5.637 |7.04k4
1.90(3.881 |5.021 |6.075 |7.TT9

(e) AT = 596° C; AR = 11.L7 olms; AT/T, = 1.968; AR/R, = 2.038

Nu, at free-stream density, gm/cmB, of -
M
0.0002 {0.0003] 0.0004| 0.0006|0.0008} 0.0010| 0.0012{0.0016 {0.002k4

0.05 1.545 |1.833% [2.082 {2.275 |2.436 [2.70k |3.27k
.10 1.848 |2.212 2.791 3.39% [4.098
.20 2.213 3.119 3.767

40 2.693 3.873 4.689

.60 2.970 4,387 5.363

.80 3.222 4,80k 5.966

.90 3.265 |L.146 15.622

.95 3.237 [4.205 [5.03%6
1.05 - 3.391 |4.%00 |5.277
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TARIE IX
HUBSELT NMEERS Ru,, FOR INFINITELY LONG PLATINUM WIRE
WITH 4 = 0.00152 INCH, 1 = 9.12 MILLIMETERS,
R, = 0.812 CEMS, ARD T, = 303° K
(a) AT = 68.2° C; AR = 0.201 chms; AT/T, = 0.225; AR/R, = 0.248
Rt a.'b. free-stream density, m/mj, of -
M
0.0002 0.0003 |  ©.000% 0.0006 0.0008 0.0010 0.0012 0.0016
0.05 2,613 2.855 3,202 3.502 3.738 k.088
.10 3.280 3.635 k.52 5.8k0
.20 k.185 5.805 7.283
S0 5.69 8.132 9.830
60 6.707 9.153; 11.6T
.80 T.340 10. 12.67
.50 T.620 9.396 12.23
95 7.859 9.323 11.02 12,34
1.05 6.983 8.1k2 9.T76 11.35 13.02 14,15
1.25 8.051 8.190 1.1 13.0% 14,62
1.5 3.395 9.312 10.64 13.01 1k.98
1.75 720 10.67 12.52 15.50
1.90 9.751 11.80 13.58 16.67
{(b) AT = 199° C; AR = 0.573 ohus; axfr, = 0.658; AR/R, = 0.706
Ku,, at free-streem density, gn/rm3, of =
M
0.0002 0.0003 0.0004 0.0006 0.0008 0.0010 0.0012 0.0016
0.05% 2.81% 2.93%9 3.282 376 3.814 %.196
.20 3.349 3.728 k.583 5. 7Tk
.20 L.173 5.766 T.202
Jo 5.472 060 93.957
£0 6.512 9.529 11.65
.80 T7.188 10.54 12.78
.90 T.548 9.329 12.20
.95 T.758 9.391 1.1 12.39
1.05 7.100 7.975 9.830 11.56 12,91 1k.25
1.25 7.782 8.k19 11.30 13.08 1%.78
i.50 T.364 9.07% 10.78 13.27 15.17
1.75 8.7 30.5T7 12.51 15.66
1.90 9.329 11.51 13.69 16.96
() AT = 331° C; AR = 0.924 cbms; AT/T, = 1.093; AR/R, = 1.138
' Ru, st free-stresm density, gm./cm3, of -
M
0.0002 0.0003 0.0004 0.0006 Q.0008 0.0010 0.0012 0.0016
0.05 2.888 2.986 3.336 3,504 3.82h Y212
.10 3.362 3.7 L. 647 5.763
.20 k.70 5.657 7.119
40 5.435 7.921 9.745
.60 6.227 9.286 11.58
.80 7.009 10.30 15.03
.90 T.26}% 9.15% 12.06
.95 7.561 9.255 10.90 12.2k
1.05 6.845 7.535 9.711 1.4k 12.8% 14,05
1.25 7.486 8.17h 11.03 12.96 1453
1.5 7.120 8.793 10.38 135.02 1k.36
.75 8.119 9.895 12,13 15.38
1.90 9.180 11.11 13.45 16.63
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TARLE X

NUBSELT KUMEERS Hu, FOA INFIRTTELY LONG PIASTSGH WIRE CONTATNTNG 10 PERCENT
REODIUM WITE & = 0.00015 INCH, AN ANGIE OF 54.5°, 1 = 3.46 NIILIMETERS,
R, = 59.65 OEMB, AND T, = 308° K
() 4T = 68.5° Cj AR = .12 olmay AT/, = 0.222; AR/, = 0.1026

Ry, st fres-streaw demsity, gmfa, of - _
X - -
0.0003 0.000% 0.0006 0.0008 0.0010 0.0012 0.0024
0.05 0.87hL 0.9662 1.065 - 1.251 1.563
.10 1.004 1.179 1.328 1,579 2.076
.20 1.2%0 1. 1.697 2,087
.go 1.;{32 1.288 2.178 . §.g§
60 1. 2. . .
.80 1.901 z.éjia a.ﬂ 3,380
.90 1.961 2, 2.89% %527
95 : 2.003 2.522 2.925 3.612
1.08 1.730 2.038 2,550 2.968 3,540 3.582
1.10 1.673 1.9%9 2. 2.969 5.& 3.649
1.20 1.6% 1.9 2,357 3.01L 3 3.T%0
1.25 1.688 gg?zg 22992 ;% ;% zggg
1. 1,750 . . . . .
1.33 1.861 2.208 . 2.862 3.373 3.806
1.50 1.968 2.364 3.03% 3.590
1.60 2.089 £.536 3.256 3.826
1.70 2.204 2,619 x.428
i.80 2.@ £.80% 3.612
1.90 2. 2.973 3.829
(®) 4T = 202° C; AR = 18,11 clmsj AT/Ty = 0.6363 AB/RQ = 0.3036
v, at free-strean density, sx/emd, of -
0.0003 0,000k 0.0006 0.0008 0.0020 0,002 0.002h
0.904T 1.020 2,144 1.632 1.667.
1.03% 1.22k 1.369 1. 2.211
1.2%2 1.527 1.75%2 2.126
1.546 1.923 2.227 2,724
1.;152 2.196 2.555 3.
80 1. e.igl; 2.799 3.470
% Exe 25a A HeA
.93 1.977 . . .
1.03 1.668 2.010 2.552 £2.998 3.383 3.668
1.10 1.632 1.905 2,480 2.972 3,349 3.697
1.20 1.607 1.927 2,57 3.035L 3. 3.820
1.25 1.645 1.997 2. 3,102 3.503 2919
l.ig 1.691 2.037 2.658 3.168 3.559 019
1. 1.816 2.160 2.617 3.;3;. 3.822 :
1,50 1.913 2.%16 2.993 3.
1.60 2,038 2.484 3,205 3,79k
1,70 2,148 2.598 3,366
1.8 2.278 2.7k8 5.562
1.90 2,510 2,905 3.795
(o) 4T = 34£° O3 AR = 30,39 ctms; AT/t = 1.1135 AB/R, = 0305
Ny, &t free-stresm density, gl/ﬂl,, of -
0.0003 0.0004 0.0006 0.0008 0.0010 0.0022 0.002%
0.89%% 1.03% 1.166 1. L7137
1.012 :L.gg 1.406 1.% 2.267
1.20; 1. 1735 2.
1.& ;ggg 2.170 §g
1. . . .
1,742 2.26% 2. 2 ;;%
1. 2.3%5 2, .
1.@3 ’ 2.{;(; 2.&7 . 3,671
1,376 1,92k 2. 2.890 3.302 3.%
1.53% 1.805 . 2,383 2,860 - 3.282 3.
1.506 1.818 2.&8 2.850 5.% 3.%
1.542 1.870 2,547 2.92 LB 3.
1.579 1,907 2.499 3.0; . 3.921
1.625 a.g :.6 ;ggz% 3.
1. 2, . .
1.3;7 2.?1 3.033 3.645
2,000 2,431 3.217
. 2326 2,352 3.399
2.061 2.7TL 5.6%6

i
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TAELE XT
NUBEELT NUMEERS Ru,, FOR INFINTTELY LONG PLATINUM WIRE CORTATNING 10 PERCENT
FEODTUM WITE 4 = 0.0000% INCH, AN AWGLE OF 43.5°, 3 = 3.23 MILLIMETERS,
By = JL.Uk ORMS, AND T, = 308° K
() AT = 68.5° C; AR = 5.26 cimsj ATfr, = 0.222; ANR, = 0.1006
Xu,, at free-stream density, gm ﬂ’, of -
M
0.0002 0.0003 0.000% 0.0006 * 0.0008 0.0010 0.0012 0.0016 0.0024
0.05 0.7562 0.9106 1.003 1.093 1.177 1.300 1.521
J0 9301 1122 1.258 1.502 1.987
.20 1.1%9 1.k12 1.5 1,93k 2.60k
40 1,60 1.802 2.0k9 2.483
.60 1.676 2,074 2.500 2.920
.80 1.% 2.290 z.% 3.216
.90 1. 2. 2. 3.393
.95 1.925 2.23 2.821 5.2&
1.05 1.682 2.005 2.5%5 2.951 3.309 3.621
Y110 1.608 1.986 2.549 3,003 3.?02 5.657
1.20 1.7T00 2.019 2.585 3.059 3. 3.786
L.25 1.715 2.07% 2.618 5.? 3.%
1.30 1.7% 2. 2. 3.1h3 3.
1.ko 2.800 a.ﬂz 2.'6(22 3.246 5.690
1.30 1.883 2.25 2.866 3.398
1.60 1.981 2.292 3.027 3.55%
1. 2,078 2.457 3.169
1, 2.17% 2.580 3.330
1.90 2.28 2T 3.303
(b) AT = 202° C; AR = 15.62 ohms; AT/E, = 0.6563 £B/R, = 0.3036
Xu,, st free-stream demsity, gm, , of -
N ]
0.0002 ©.0003 0.000h 0.0006 0.0008 0.0010 0.0002 0.0016 0.0024
0.0 0.8336 0.9681 1.080 1.7 1.259 1.396 1.623
.10 9928 1.17k 1.25( 1579 2,088
.20 1.219 1. 1. 2,011 2,770
ko 1.505 1.826 2.059 2.5T9
60 1.& 2,092 2.h27 2.992
8 1. 2.292 2.675 3.352
S0 1.910 2.378 2.;93 3,512
.95 1.933 2.40k 2.836 3.61L
1.05 1.6%7 1,988 2.528 2.97h 3.361 3,671
1.10 1. 1.9%g 2.537 3.006 3.386 3.727
1.20 1.6 1.97% 2.569 3.06k 3459 3.832
1.25 1.6 2.017 2.60L 3,008 3,505
1.Eg 1. 2.029 2.637 3.1%0 3.545
1. 1.;& 2.082 z.gg 3,239 3.707
1.% L. 2.186 2. 3.375
1.60 1.905 2.3%5 2.991 3.53T
1.0 1.99% 2.ho1 3.127
1.80 2,082 2.518 3.300
1.90 2,203 2.672 3,463
(c) AT = 342° C; AR = 26.20 clms; ATfT, = 1.322; ARfR, = O.509%
Hu, at free-stresm demsity, u/cn3, of -
X
0.0002 0.0003 0.000k 0.0006 0.0008 0.0010 0.0012 0.0026 0.002k
0.05 - 0.8075 0.94%73 1.058 1.1k7 1.2%6 1.373 1.%9
10 9528 1.137 1.23 1.538 2.053
.20 1. 1.391 L. 1.937 2.656
40 1.k19 1.753 2,000 2.457
60 1.591 1.976 2.272 2.822
.80 1,726 2. 2.536 3,206
.90 1777 2. 2.655 3.
.95 1.@ 2.2719 2.699 3,
1.05 1.5%03 1. 2.335 2.838 3.22{ 3.566
1.10 1.& 1.TT7 2. £2.913 3.5 3.636
1.20 L. 1.800 2. 2,95 3.390 3.759
1.25 1,496 1.832 2.k2h 2.981 3.570
1. 1.50 1.82% 2.h52 5.02% %.500
1. 1.53% 1.851 2,551 3.1kl 3.552
1.%0 1. 1.935 2,639 3.16%
1.60 1.639 2,083 z.g_z{g 3.321
J..g 1.gg 2.119 2.
1. 1. 2.211 3.037
1.90 1.920 2.33
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TABLE XIT

NUSSELT NUMBERS Nu, FOR INFINITELY LONG PLATINUM WIRE CONTAINING 10 PERCENT
REODIUM WITE 4 = 0.00015 INCH, AN ANGLE OF 38.5°, 1 = 4,87 MILLIMETERS,
R, = 80.9% OEMS, AND Ty = 308° K

(a) AT = 68.1° C; AR = 8.30 ohms; AT/T, = 0.222; AR/R, = 0.1026
8

Nu, abt free-stream density, gn/cm5, of -

=

0.0002 | 0.0003 | 0.0004 | 0.0006 | ©0.0008 | 0.0010 | 0.0012 | 0.0016 | 0.002k

eeIouEAlRES

FHHEHHBPREPHEER

1.7hl 2.110 2.629 3.042 3.387 3,644
1.787 2.099 2,642 3.072 3.453% 3,691
1.782 2.109 2.692 3.148 3.496 3.785
1.779 2.159 2.703 3.175 3.555
1.80k 2.1 2.740 3.191. 3.537
1.835 2.173 2.787 3.28%
1.905 2.261 2.8g2 3.369
1.957 2.371 3.01> 3.478
2.015 2.400 %.115
2.065 2.488 3.22%
2.17h 2.590

(b) AT = 202° C5 AR = 24.57 otms; AL/T, = 0.656; AR/%O = 0.3036

Nu, at free-gtream density, 5m/cm3, of -

=

0.0002 0.0003 | 0.000h4 0.0006 0.0008 0.0010 0.0012 0.0016 0.002k

PRHEHHRHBERPEPH

8833 EBHBES

1.6Th 2.003 2.503 2,935 3.283 2,564
1.676 1.970 2.522 2.964 3.318 3.622
1.671 | 1.982 2,556 3.015 3.360 3.689
1.671 2.018 2.569 3.0%3 3.480
1.677 2.000 2.585 3.058 3.418
1.709 2.03%6 2.651 25
1.762 2.110 2.722 3.21h
1.829 2.223 2.833 3.%28
1.868 2.245 2.928
1.918 2,322 3,037
2.009 2.426

N

(c) AT = 342° C; AR = 41.23 ohms; AT/ng = 1.111; AR/R, = 0.509k

Nu, at free-stream demsity, gm/cm3, of -

=

0.0002 0.0003 | 0.0004 0.0006 0.0008 0.0010 0.0012 0.0016 0.002}4

8838BIELHBES

HFRRFERPFRRPRPFPE

1.603 1.948 2.4k9 2.8 3.205 3.540

1.609 1.907 2.450 2.903 3.282 3.598
1.601 | 1.911 2.467 2.952 3.338 3.672
1.605 1.948 2.477 2,960 3.37h

1.612 1.931 2.4g5 2.981 3.358

1.63L 1.957 2.556 3,070

1.692 2.025 2.61%4 3.146

1.748 2.119 2.726 3,271

1.782 | 2.12% 2.831

1.817 2.211 2.9

1.891 2.310
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TABLE XITL

NUSSELT NOMBERS Ru, FOR INFIKITELY LONG FLATINUM WIRE CONTAINING 10 FERCERT

1 = 5.07 MILLIMETERS,

REDDTW WIPE & = 0.000L5 INCH, AN ANGLE OF 36°,

Ro = 83.28 OBMS, AND Ty = 308° K
(a) aF = 65.2° C; &% = 8.5% ohms; AT/T, = 0.222; AR/R, = 0.1026
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TABLE XIV

THERMAL. CONDUCTIVITY OF DRY AIR AS A FUNCTION OF M FOR Ty = 303° K

[ko = 5,770 x 107 ca.i/cm/sec/oK]

M z, °K 7
0.05 302.8 1.096
.10 302.4 1.095
.20 300.6 . 1.089
RiTe) 293.6 1.066
.60 282.6 1.031
.80 268.6 984T
.90 260.8 .9588
.95 256.7 9450
1.05 248.3 .9166
1.25 ° 2%0.9 8574
1.50 209.0 L7811
1.75 187.9 . 7063
1.90 176.0 .6635
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Figure 5.~ Schlieren photogreph of hot-wire probe In supersonic nozzle.
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Figure 7.- Hot-wlre probe. Included angle between vertical faces is 4°
and that between horizontal faces is 8°.
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Flgure 8.- Temperature-resistance relationship for various wires.
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Flgure 11.- Temperature-recovery ratio for vaerlous wires.,
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Figure 12.- End-loss correction factors.
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Figure 16.- Variatlon of Nusselt number with yd/A for infinitely long
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Figure 20.- Effect of temperature loading on Nusselt number at selected
densities and Mach numbers. 0.00015-inch-diameter platinum wire con-
taining 10 percent rhodium.
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Figure 22.'- Variation of Nusselt number with temperature loading for
several wire dismeters at selected densities and Mach numbers.
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(g) 0.00015-inch-dismeter plat-
inum wire containing 10 per-
cent rhodium; p = 0.0004 gram
per cubic centimeter; d/A = 20

(h) 0.00015-inch-dismeter plat-
inum wire containing 10 per-
cent rhodium; p = 0.0012 gram
per cubic centimeter; d/A = 59.

Figure 22.-~ Continued.
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Figure 22.~ Concluded
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Fgure 25.. Comparison of hot-wire calibraticons with density variable

under constant-temperature and constant-current operation. 0.0Q015-

inch-diameter platimm wire containing 10 percent rhodium.
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Figure 24,- Comparison of hot-wire calibrations with Mach nuwber varieble
under constant-temperature and constant-current operation. 0.00015-
inch-diameter platinum wire containing 10 percent rhodium.
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Flgure 25.- Comperison of hot-wire calibrations with Reynolds number
varigble under selected conditions of constant Mach number, density,
temperature loading, and current. O. OOOlS-inch—dlameter platinum
wire containing 10 percent rhodium. AT = 66.8° C; Mg = 664° ¢. -
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Figure 26.- Concluded.
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Figure 27.- Comparison of Nusselt numbers of several swept wires with
Nusselt nuwber of a normal wire at selected Mach numbers and densities.
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Figure 28.- Schlieren photographs of swept wire in seversal supersonic
flows. 0.00015-1nch-diameter pletimm wire contalning 10 percent
rhodium, p = 0.0006 gram per cubic centimeter, & = 45.5°, and
1/sin 0 = L.k,
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